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Abstract 

The present lectures contain an introduction to low energy supersymmetry, a new symmetry 
that relates bosons and fermions, in particle physics. The Standard Model of fundamental 
interactions is briefly reviewed, and the motivation to introduce supersymmetry is discussed. 
The main notions of supersymmetry are introduced. The supersymmetric extension of the 
Standard Model - the Minimal Supersymmetric Standard Model - is considered in more detail. 
Phenomenological features of the MSSM as well as possible experimental signatures of SUSY 
are described. An intriguing situation with the supersymmetric Higgs boson is discussed. 



* Lectures given at the European School on High Energy Physics, Aug.-Sept. 2000, Cara- 
mulo, Portugal 



Contents 



1 Introduction. The Standard Model and beyond 



2 What is supersymmetry? Motivation in particle physics 

|2.1 Unification with gravity 

|2,2 Unification of gauge couplings 

|2,3 Solution of the hierarchy problem 

|2.4 Beyond GUTs: superstring 



3 Basics of supersymmetry 

B.l Algebra of SUSY] 

|3.2 Superspace and superfields 

|3,3 Construction of SUSY Lagrangians 

|3,4 The scalar potential 

|3.5 Spontaneous breaking of SUSY . . 



4 SUSY generalization of the Standard Model. The MSSM 

4.1 The field content 

4.2 Lagrangian of the MSSM 

4.3 Properties of interactions 

4.4 Creation and decay of superpartners 



5 Breaking of SUSY in the MSSM 

5.1 The hidden sector: four scenarios 

5.2 The soft terms and the mass formulas . . 

5.2.1 Gaugino-higgsino mass terms . . . 

5.2.2 Squark and slepton masses . . . . 

|5.3 The Higgs potential 

|5.4 Renormalization group analysis- 

|5.5 Radiative electroweak symmetry breaking 



6 Constrained MSSM 

|6.1 Parameter space of the MSSM 

|6.2 The choice of constraints 

|6.3 The mass spectrum of superpartners . . . . 

|6.4 Experimental signatures at e + e~ colliders . 

|6.5 Experimental signatures at hadron colliders 

|6.6 The lightest superparticle 



7 The Higgs boson in the SM and the MSSM 

|7.1 Allowed mass range in the SM 

[7.2 SM Higgs production at LEP| 

|7.3 The Higgs boson mass in the MSSM .... 
|7.4 Perspectives of observation 



8 Conclusion 



References 



1 Introduction. The Standard Model and beyond 

The Standard Model (SM) of fundamental interactions describes strong, weak and electromag- 
netic interactions of elementary particles |ij . It is based on a gauge principle, according to which 
all the forces of Nature are mediated by an exchange of the gauge fields of the corresponding 
local symmetry group. The symmetry group of the SM is 

SU co i our (Z) (g) SUi e ft(2) (g) Uhyperchargei^), (1-1) 

whereas the field content is the following: 

Gauge sector : Spin = 1 

The gauge bosons are spin 1 vector particles belonging to the adjoint representation of the 
group fll.l| ). Their quantum numbers with respect to SU(3) <g> SU(2) ® U(l) are 



gluons 
intermediate 
weak bosons 
abelian boson B 



(8,1,0) SU C (3) g s , 

(1,3,0) SU L (2) g, (1.2) 
(1,1,0) U Y (1) g', 
where the coupling constants are usually denoted by g s , g and g' , respectively. 
Fermion sector : Spin = 1/2 

The matter fields are fermions belonging to the fundamental representation of the gauge 
group. These are believed to be quarks and leptons of at least of three generations. The SM is 
left-right asymmetric. Left-handed and right-handed fermions have different quantum numbers 
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Higgs sector : Spin = 

In the minimal version of the SM there is one doublet of Higgs scalar fields 
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which is introduced in order to give masses to quarks, leptons and intermediate weak bosons via 
spontaneous breaking of electroweak symmetry. 

In the framework of Quantum Field Theory the SM is described by the following Lagrangian: 



C = C 



gauge 



+ C Y 



ukawa 



■iggs, 



(1.5) 
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1 1 i i 1 

C-gauge = ~ ^W^W^ — -B^B^ (1.6) 



iLcrPDpLc + iQ a ^D^Q a + iE a ^ D ^E a 



where 



^iiu — °\iS'v — Cvt'n + 9sJ ^ffjS^v, 

K> = dJVi-dvWl + ge^WlWi, 

B^v = d^B v — d v B^ 

D^L a = {dp-i^Wi + i^B^L*, 

D^E a = (d^ + ig'B^Ea, 

D,Q a = {d»-i 9 -T^-i 9 -B,-i 9 -^\ a G^)Q a , 



D^D a = (d^ + i-g'B^-i^-X^Da. 
Cyukawa = y^pL a E p H + y° p Q a DpH + y^QJJpH + h.c, (1.7) 



where H = ir^B^ . 



Cmggs = -V = m 2 H^H - ^H) 2 . (li 



Here {y} are the Yukawa and A is the Higgs coupling constants, both dimensionless, and m is 
the only dimensional mass parameter^. 

The Lagrangian of the SM contains the following set of free parameters: 

• 3 gauge couplings g s ,g,g'; 

• 3 Yukawa matrices y^y^^Vap', 

• Higgs coupling constant A; 

• Higgs mass parameter m 2 ; 

• number of matter fields (generations). 

All the particles obtain their masses due to spontaneous breaking of SU[ e ft(2) symmetry 
group via a non-zero vacuum expectation value (v.e.v.) of the Higgs field 

< H >= ( V Q j , v = m/VX. (1.9) 

As a result, the gauge group of the SM is spontaneously broken down to 

SU C (3) tg> SU L (2) ® U Y (1) SU C (3) U EM (l). 



1 We use the usual for particle physics units c = Tb = 1 
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Figure 1: Global Fit of the Standard Model 

The physical weak intermediate bosons are linear combinations of the gauge ones 

W 1 =F iW 2 

W± = — — , Z M = -sinfl^ + cos0 w Wl (1.10) 

with masses 

mw = —j=gv , mz = mw/ cos 9w, tanflp^ = q'/Qi (1-H) 
v2 

while the photon field 

7 M = co8%-B m + sul0wWJ (1.12) 

remains massless. 
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Figure 2: Weak mixing angle and the Higgs boson mass 



The matter fields acquire masses proportional to the corresponding Yukawa couplings: 

MZp = yip, M*p = yi p v, M l af3 = y l af3 v, m H = V2m. (1.13) 

Explicit mass terms in the Lagrangian are forbidden because they are not SUi e ft(2) symmetric 
and would destroy the renormalizability of the Standard Model. 

The SM has been constructed as a result of numerous efforts both theoretical and experi- 
mental. At present, the SM is extraordinary successful, the achieved accuracy of its predictions 
corresponds to experimental data within 5 % ||, |2|. The combined results of the Global SM fit 
are shown in Figjl] Q. All the particles, except for Higgs boson, have been discovered experi- 
mentally. And the mass of the Higgs boson is severely constrained from precision electroweak 
data (see Fig.| @). 

However, the SM has its natural drawbacks and unsolved problems. Among them are 

• inconsistency of the SM as a QFT (Landau pole), 

• large number of free parameters, 

• formal unification of strong and electroweak interactions, 
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• still unclear mechanism of EW symmetry breaking: The Higgs boson has not yet been 
observed and it is not clear whether it is fundamental or composite, 

• the problem of CP-violation is not well understood including CP-violation in a strong 
interaction, 

• flavour mixing and the number of generations are arbitrary, 

• the origin of the mass spectrum is unclear. 

The answer to these problems lies beyond the SM. There are two possible ways of going 
beyond the SM 

=> To consider the same fundamental fields with new interactions. This way leads us to 
super symmetry, Grand Unification, String Theory, etc. It seems to be favoured by modern 
experimental data. 

=^ To consider new fundamental fields with new interactions. This way leads us to composite- 
ness, fermion-antifermion condensates, Technicolour, extended Technicolour, preons, etc. 
It is not favoured by data at the moment. 

There are also possible exotic ways out of the SM: gravity at TeV energies, large extra 
dimensions, brane world, etc. We do not consider them here. In what follows we go along the 
lines of the first possibility and describe supersymmetry as a nearest option for the new physics 
on TeV scale. 

2 What is supersymmetry? Motivation in particle physics 

Supersymmetry or fermion-boson symmetry has not yet been observed in Nature. This is a 
purely theoretical invention Q. Its validity in particle physics follows from the common belief 
in unification. Over 30 years thousands of papers have been written on supersymmetry. For 
reviews see, e.g. Refs.Q-§. 

2.1 Unification with gravity 

The general idea is a unification of all forces of Nature. It defines the strategy : increasing 
unification towards smaller distances up to Ipi ~ 1CU 33 cm including quantum gravity. How- 
ever, the graviton has spin 2, while the other gauge bosons (photon, gluons, W and Z weak 
bosons) have spin 1. Therefore, they correspond to different representations of the Poincare 
algebra. Attempts to unify all four forces within the same algebra face a problem. Due to no-go 
theorems §, unification of spin 2 and spin 1 gauge fields within a unique algebra is forbidden. 
The only exception from this theorem is supersymmetry algebra. The uniqueness of SUSY is 
due to a strict mathematical statement that algebra of SUSY is the only graded (i.e. containing 
anticommutators as well as commutators) Lie algebra possible within relativistic field theory ||. 
If Q is a generator of SUSY algebra, then 

Q\boson >= \fermion > and Q\fermion >= | boson > . 

Hence, starting with the graviton state of spin 2 and acting by SUSY generators we get the 
following chain of states: 

spin 2 — > spin 3/2 — > spin 1 — > spin 1/2 — > spin 0. 
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Thus, a partial unification of matter (fermions) with forces (bosons) naturally arises from an 
attempt to unify gravity with other interactions. 

SUSY algebra appears as a generalization of Poincare algebra (see next section) and links 
together various representations with different spins. The key relation is given by the anticom- 
mutator 

{Q«,Qd} = 2<j£ )6 P M . 

Taking infinitesimal transformations 5 e = e a Q a , 8 S = Qa^, one gets 

{6 t M = 2(*r»e)P lt , (2.1) 
where e is a transformation parameter. Choosing e to be local, i.e. a function of a space-time 



point e = e(x), one finds from eq.(2.1) that an anticommutator of two SUSY transformations 
is a local coordinate translation. And a theory which is invariant under the general coordinate 
transformation is General Relativity. Thus, making SUSY local, one obtains General Relativity, 



or a theory of gravity, or supergravity [ 1C ] 



Theoretical attractiveness of SUSY field theories is explained by remarkable properties of 
SUSY models. This is first of all cancellation of ultraviolet divergencies in rigid SUSY theories 
which is the origin of 

• possible solution of the hierarchy problem in GUTs; 

• vanishing of the cosmological constant; 

• integrability, allowing for an exact non-perturbative solution. 

It is believed that along these lines one can also obtain the unification of all forces of Nature 
including quantum (super)gravity. 

What is essential, the standard concepts of QFT allow SUSY without any further assump- 
tions, it is straightforward to construct the super symmetric generalization of the SM. Moreover, 
it can be checked experimentally! In recent years, supersymmetry became a subject of intensive 
experimental tests. Its predictions can be verified at modern and future colliders. 

2.2 Unification of gauge couplings 

Since the main motivation for SUSY is related with the unification theory, let us briefly recall 
the main ideas of the Grand Unification [11]. 



The philosophy of Grand Unification is based on a hypothesis: Gauge symmetry increases 
with energy. Having in mind unification of all forces of Nature on a common basis and neglecting 
gravity for the time being due to its weakness, the idea of GUTs is the following: 

All known interactions are different branches of a unique interaction associated with a simple 
gauge group. The unification (or splitting) occurs at high energy 

Low energy => High energy 

SU C (3)® SU L (2)® U Y (l) G GUT (or G n + discrete symmetry) 

gluons W, Z photon =>- gauge bosons 

quarks leptons => fermions 

93 92 9i => 9GUT 

At first sight this is impossible due to a big difference in the values of the couplings of 
strong, weak and electromagnetic interactions. However, this is not so. The crucial point here 
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Figure 3: Electric screening and magnetic antiscreening 



is the running coupling constants. It is a generic property of quantum field theory which has an 
analogy in classical physics. 

Indeed, consider electric and magnetic phenomena. Let us take some dielectric medium and 
put a sample electric charge in it. What happens is that the medium is polarized. It contains 
electric dipoles which are arranged in such a way as to screen the charge (see Fig.||). It is a 
consequence of the Coulomb law: attraction of the opposite charges and repulsion of the same 
ones. This is the origin of electric screening. 

The opposite situation occurs in a magnetic medium. According to the Biot-Savart law, 
electric currents of the same direction are attracted to each other, while those of the opposite 
one are repulsed (see FigJ^). This leads to antiscreening of electric currents in a magnetic 
medium. 

In QFT, the role of the medium is played by the vacuum. Vacuum is polarized due to the 
presence of virtual pairs of particles in it. The matter fields and transverse quanta of vector 
fields in this case behave like dipoles in a dielectric medium and cause screening, while the 
longitudinal quanta of vector fields behave like currents and cause antiscreening. These two 
effects compete each other (see eq.(^) below). 

Thus, the couplings become the functions of a distance or an energy scale 

Q 2 

a i = q «(to") = Oi(distance), a.{ = <??/4-7T. 

This dependence is described by the renormalization group equations and is confirmed experi- 
mentally (see Fig.|J). 

In the SM the strong and weak couplings associated with non-Abelian gauge groups decrease 
with energy, while the electromagnetic one associated with the Abelian group on the contrary 
increases. Thus, it becomes possible that at some energy scale they become equal. According 
to the GUT idea, this equality is not occasional but is a manifestation of a unique origin of 
these three interactions. As a result of spontaneous symmetry breaking, the unifying group is 
broken and the unique interaction is splitted into three branches which we call strong, weak and 
electromagnetic interactions. This happens at a very high energy of an order of 10 15 ~ 16 GeV. Of 
course, this energy is out of the range of accelerators; however, some crucial predictions follow 
from the very fact of unification. 
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Figure 4: Summary of running of the strong coupling a s [12| 



After the precise measurement of the SU (3) x SU(2) x U(l) coupling constants, it has become 
possible to check the unification numerically. 

The three coupling constants to be compared are 



a x = (5/3)g /2 /(47r) = 5a / {3 cos 2 6 W ) , 
a.2 = g 2 / (Air) = a / sin 2 0\y , 
"3 = 5 s 2 /(4vr) 



(2.2) 



where g' , g and g s are the usual U(l), SU(2) and SU(3) coupling constants and a is the fine 
structure constant. The factor of 5/3 in the definition of a\ has been included for proper 
normalization of the generators. 

The couplings, when defined as renormalized values including loop corrections require the 
specification of a renormalization prescription for which the modified minimal subtraction (M S) 
scheme [13] is used. 

In this scheme, the world averaged values of the couplings at the Z° energy are obtained 
from a fit to the LEP and Tevatron data 



oT x (M z 
sin 2 9- 



MS 

a* 



128.978 ± 0.027 
0.23146 ± 0.00017 
0.1184 ±0.0031, 



that gives 



ai (M z ) = 0.017, a 2 (M z ) = 0.034, a 3 (M z ) = 0.118 ± 0.003. 



(2.3) 



(2.4) 
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Assuming that the SM is valid up to the unification scale, one can then use the known RG 
equations for the three couplings. They are the following: 



don 
~dt 



bi&i, 



where for the SM the coefficients h are 



a-, 



4vr' 



t = log{ — ), 



(2.5) 





+ N Fa 




+ N H 




(2.6) 



Here N F am is the number of generations of matter multiplets and Nmgg S is the number of 
Higgs doublets. We use Np am = 3 and Nniggs = 1 for the minimal SM, which gives bi = 
(41/10,-19/6,-7). 

Notice a positive contribution (screening) from the matter multiplets and negative one (an- 
tiscreening) from the gauge fields. For the Abelian group U(l) this contribution is absent due 
to the absence of a self-interaction of Abelian gauge fields. 



The solution to eq^^) is very simple 



ai(Q 2 ) aiip?) 



(2.7) 



The result is demonstrated in FigJE] showing the evolution of the inverse of the couplings as a 
function of the logarithm of energy. In this presentation, the evolution becomes a straight line in 
first order. The second order corrections are small and do not cause any visible deviation from 
a straight line. Fig.[| clearly demonstrates that within the SM the coupling constant unification 
at a single point is impossible. It is excluded by more than 8 standard deviations. This result 
means that the unification can only be obtained if new physics enters between the electroweak 
and the Planck scales! 

Since we do not know what kind of new physics it may be, there is a lot of arbitrariness. 
In this situation, some guiding idea is needed. It is very tempting to try to check whether 
unification is possible within a supersymmetric generalization of the SM. In the SUSY case, the 
slopes of the RG evolution curves are modified. The coefficients bi in eq. fl2.5|) now are 
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where we use Npam = 3 and Nniggs = 2 in the minimal SUSY model which gives bi = 
(33/5,1,-3). 

It turns out that within the SUSY model a perfect unification can be obtained if the SUSY 
masses are of an order of 1 TeV. This is shown in Fig.^; the SUSY particles are assumed to 
effectively contribute to the running of the coupling constants only for energies above the typical 
SUSY mass scale, which causes the change in the slope of the lines near 1 TeV. From the fit 
requiring unification one finds for the break point Msusy and the unification point Mqut [Fj| 



Msusy 
Mqjjt 
a GUT 



10 3.4±0.9±0.4 Ge y } 
10 15.8±0.3±0.1 Ge y^ 

26.3 ±1.9 ±1.0, 



(2- 
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Unification of the Coupling Constants 
in the SM and the minimal MS SM 




Figure 5: Evolution of the inverse of the three coupling constants in the Standard Model (left) 
and in the supersymmetric extension of the SM (MSSM) (right). Only in the latter case unifica- 
tion is obtained. The SUSY particles are assumed to contribute only above the effective SUSY 
scale Msusy of about 1 TeV, which causes a change in the slope in the evolution of couplings. 
The thickness of the lines represents the error in the coupling constants fl5|| . 



where acuT = sl/^vr. The first error originates from the uncertainty in the coupling constant, 
while the second one is due to the uncertainty in the mass splittings between the SUSY particles. 
The x 2 distributions of Msusy and Mqut are shown in FigJB] ftDf |, where 

3 / -1 -1 n.2 

X 2 = J2— ^ nL - ( 2 - 10 ) 

1=1 °i 




Figure 6: The x 2 distributions of Msusy and Mqut 
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For SUSY models, the dimensional reduction DR scheme is a more appropriate renormaliza- 



tion scheme [16]. In this scheme, all thresholds are treated by simple step approximations, and 



unification occurs if all three a's meet exactly at one point. This crossing point corresponds to 

(2.11) 



the mass of the heavy gauge bosons. The MS and DR couplings differ by a small offset 

1 1 d 



a DR a MS l 27r ' 



where Cj are the quadratic Casimir operators of the group (Cj = N for SU(iV) and for U(l) 
so a,\ remains the same). 

This observation was considered as the first "evidence" for supersymmetry, especially since 
Msusy w as found in the range preferred by the fine-tuning arguments. 

It should be noted that the unification of the three curves at a single point is not that trivial 
as it may seem from the existence of three free parameters {MsuSYi Mqut and acur)- Out of 
more than a thousand models tried, only a handful yielded unification. The reason is simple: 
Introducing new particles one influences all three curves simultaneously, thus giving rise to 
strong correlations between the slopes of the three lines. For example, adding new generations 
and/or new Higgs doublets never yields unification! Nevertheless, unification does not prove 
supersymmetry. The real proof would be the observation of the sparticles. 

2.3 Solution of the hierarchy problem 

The appearance of two different scales V 3> v in a GUT theory, namely, Myy and Mqut, leads 
to a very serious problem which is called the hierarchy problem. There are two aspects of this 
problem. 

The first one is the very existence of the hierarchy. To get the desired spontaneous symmetry 
breaking pattern, one needs 



m H ~ v ~ 10 2 GeV mH_ m _ u 
ms ~ V ~ 10 16 GeV m s 



1(T 14 < 1, (2.12) 



where H and £ are the Higgs fields responsible for the spontaneous breaking of the SU(2) and 
the GUT groups, respectively. 

The question arises of how to get so small number in a natural way. One needs some kind 
of fine tuning in a theory, and we don't know if there anything behind it. 

The second aspect of the hierarchy problem is connected with the preservation of a given 



hierarchy. Even if we choose the hierarchy like eq.( 2.12 ) the radiative corrections will destroy it! 
To see this, consider the radiative correction to the light Higgs mass. It is given by the Feynman 
diagram shown in Fig.f?] and is proportional to the mass squared of the heavy particle. This 
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Figure 7: Radiative correction to the light Higgs boson mass 
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correction obviously spoils the hierarchy if it is not cancelled. This very accurate cancellation 
with a precision ~ 10 -14 needs a fine tuning of the coupling constants. 

The only known way of achieving this kind of cancellation of quadratic terms (also known as 
the cancellation of the quadratic divergencies) is supersymmetry. Moreover, SUSY automatically 
cancels quadratic corrections in all orders of PT. This is due to the contributions of superpartners 
of ordinary particles. The contribution from boson loops cancels those from the fermion ones 
because of an additional factor (-1) coming from Fermi statistics, as shown in Fig.|8[ One can see 




Figure 8: Cancellation of quadratic terms (divergencies) 

here two types of contribution. The first line is the contribution of the heavy Higgs boson and 
its superpartner. The strength of interaction is given by the Yukawa coupling A. The second 
line represents the gauge interaction proportional to the gauge coupling constant g with the 
contribution from the heavy gauge boson and heavy gaugino. 

In both the cases the cancellation of quadratic terms takes place. This cancellation is true 
in the case of unbroken supersymmetry due to the following sum rule relating the masses of 
superpartners 

£ m 2 = ™ 2 ( 2 - 13 ) 

bosons fermions 

and is violated when SUSY is broken. Then, the cancellation is true up to the SUSY breaking 
scale, Msusy, since 

E ™ 2 " E m " = M susy, (2-14) 

bosons fermions 

which should not be very large (< 1 TeV) to make the fine-tuning natural. Indeed, let us 
take the Higgs boson mass. Requiring for consistency of perturbation theory that the radiative 
corrections to the Higgs boson mass do not exceed the mass itself gives 

5M 2 h ~g 2 M 2 SUSY ~Ml (2.15) 

So, if Mh ~ 10 2 GeV and g ~ 1CT 1 , one needs Msusy ~ 10 3 GeV in order that the relation 
( |2.15| ) is valid. Thus, we again get the same rough estimate of Msusy ~ 1 TeV as from the 
gauge coupling unification above. Two requirements match together. 

That is why it is usually said that supersymmetry solves the hierarchy problem. Moreover, 
sometimes it is said that: "There is no GUT without SUSY". However, this is only the second 
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aspect of the problem, the preservation of the hierarchy. The origin of the hierarchy is the other 
part of the problem. We show below how SUSY can explain this part as well. 

2.4 Beyond GUTs: superstring 

Another motivation for supersymmetry follows from even more radical changes of basic ideas 
related to the ultimate goal of construction of consistent unified theory of everything. At the 
moment the only viable conception is the superstring theory |jT^], which pretends to be a self- 
consistent quantum field theory in a non-perturbative sense allowing exact non-perturbative 
solutions in the quantum case. In the superstring theory, strings are considered as fundamental 
objects, closed or open, and are nonlocal in nature. Ordinary particles are considered as string 
excitation modes. String interactions, which are local, generate proper interactions of usual 
particles, including gravitational ones. 

To be consistent, the string theory should be conformal invariant in D-dimensional target 
space and have a stable vacuum |1S}| . The first requirement is valid in classical theory but 
may be violated by quantum anomalies. Cancellation of quantum anomalies takes place when 
space-time dimension of a target space equals a critical one. For a bosonic string the critical 
dimension is D = 26, and for a fermionic one it is D = 10. 

The second requirement is that the massless string excitations (the particles of the SM) are 
stable. This assumes the absence of tachyons, the states with imaginary mass, which can be 
guaranteed only in supersymmetric string theories! 

Thus, the superstring theory proves to be the only known consistent quantum theory. This 
serves as justification of research in spite of absence of even a shred of experimental evidence. 
However, many ingredients of this theory are still unclear. 



3 Basics of supersymmetry 

Supersymmetry transformations differ from ordinary global transformations as far as they con- 
vert bosons into fermions and vice versa. Indeed, if we symbolically write SUSY transformation 
as 

SB = e-f, 

where B and / are boson and fermion fields, respectively, and e is an infinitesimal transformation 
parameter, then from the usual (anti)commutation relations for (fermions) bosons 

{/,/} = 0, [B,B}=0 

we immediately find 

{e,e} = 0. 

This means that all the generators of SUSY must be fermionic, i.e. they must change the spin 
by a half-odd amount and change the statistics. 
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3.1 Algebra of SUSY 



Combined with the usual Poincare and internal symmetry algebra the Super-Poincare Lie algebra 
contains additional SUSY generators Q l a and Q\ M 



[P^Mpa] = i{g^ p P a - g^P f 



[M^ u ,M pa 
[B r , B a ] = 
[B r ,P»] = 
[Q l a,P»] = 
[Qai M fxu] 
[Q l a,B r } = 



I = i{9vp M ii° - 
iC* s B t , 
[B r ,M^] = 
0, 



9fj, p M U(T + g^M, 



vp)i 



[Ql.P 



{Q i a ,Qp = 28 i i(a» 

{QlQ J $ } = 

a, a = 1, 2 



fia 
ct' •* 'p] 

\MiQ% [Qi,M^} = - 

{k))qi m,B r ] = -Q j .(b r y 
pp. 



P 

puJai 



(3.1) 



>pj —■ \~ ) a /3Pp' 

{Qi, Q j } = 2e a pZV, Zij = aljb r , Z» = 
-2e & pZ lj , [Zij, anything] = 0. 
i,j = 1,2,. ..,N. 



Here P M and Mp V are four-momentum and angular momentum operators, respectively, B r 
are the internal symmetry generators, Q % and Q l are the spinorial SUSY generators and Z^ are 
the so-called central charges; a,a,(3,(3 are the spinorial indices. In the simplest case one has 
one spinor generator Q a (and the conjugated one Qa) that corresponds to an ordinary or N=l 
supersymmetry. When N > 1 one has an extended supersymmetry. 

A natural question arises: how many SUSY generators are possible, i.e. what is the value 
of N? To answer this question, consider massless states ||. Let us start with the ground state 
labeled by energy and helicity, i.e. projection of a spin on the direction of momenta, and let it 
be annihilated by Qi 

Vacuum = \E, A >, Qi\E,X>=0. 
Then one and more particle states can be constructed with the help of a creation operators as 



State 



Expression 



# of States 



vacuum 



\E,\> 



1 — particle state Q%\E, A >= \E, A + 1/2 >j 



2 — particle state QiQj\E, A >= \E, A + 1 >ij 



1 

N 
1 

N 
2 



N 



N(N-l) 
2 



N - particle state Q1Q2-QN \E, A >= \E, A + N/2 > 



Total # of States X) f "fc 1 
fc=o V / 



2 N = 2 N-i bosons + 2 ^-! fermions, 




where the energy E is not changed, since according to ( |3.1| ) the operators Qi commute with the 
Hamiltonian. 

Thus, one has a sequence of bosonic and fermionic states and the total number of bosons 
equals that of fermions. This is a generic property of any supersymmetric theory. However, 
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in CPT invariant theories the number of states is doubled, since CPT transformation changes 
the sign of helicity. Hence, in CPT invariant theories, one has to add the states with opposite 
helicity to the above mentioned ones. 

Consider some examples. Let us take N = 1 and A = 0. Then one has the following set of 
states: 



N = 1 A = 



helicity 1/2 helicity -1/2 

CPT 



N = 4 SUSY YM 


helicity 


-1 


-1/2 





1/2 


A = -1 


# of states 


1 


4 


6 


4 


N = 8 SUGRA 


helicity —2 


-3/2 -1 


-1/2 





1/2 


A = -2 


# of states 1 


8 28 


56 


70 


56 



# of states 11 # of states 1 1 

Hence, a complete N = 1 multiplet is 

JV = 1 helicity -1/2 1/2 
# of states 12 1 

which contains one complex scalar and one spinor with two helicity states. 

This is an example of the so-called self-conjugated multiplet. There are also self-conjugated 
multiplets with N > 1 corresponding to extended supersymmetry. Two particular examples are 
the A = 4 super Yang- Mills multiplet and the A = 8 supergravity multiplet 

1 
1 

1 3/2 2 
28 8 1 

One can see that the multiplets of extended supersymmetry are very rich and contain a vast 
number of particles. 

The constraint on the number of SUSY generators comes from a requirement of consistency 
of the corresponding QFT. The number of supersymmetries and the maximal spin of the particle 
in the multiplet are related by 

A < 45, 

where S is the maximal spin. Since the theories with spin greater than 1 are non-renormalizable 
and the theories with spin greater than 5/2 have no consistent coupling to gravity, this imposes 
a constraint on the number of SUSY generators 

A < 4 for renormalizable theories (YM), 
A < 8 for (super)gravity. 

In what follows, we shall consider simple supersymmetry, or A = 1 supersymmetry, contrary to 
extended supersymmetries with A > 1. In this case, one has two types of supermultiplets: the 
so-called chiral multiplet with A = 0, which contains two physical states (cj), ip) with spin and 
1/2, respectively, and the vector multiplet with A = 1/2, which also contains two physical states 
(A, Afj) with spin 1/2 and 1, respectively. 

3.2 Superspace and superfields 

An elegant formulation of supersymmetry transformations and invariants can be achieved in the 
framework of superspace @. Superspace differs from the ordinary Euclidean (Minkowski) space 
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by adding of two new coordinates, 9 a and 9 a , which are Grassmannian, i.e. anticommuting, 
variables 

{9 a ,6 p } = 0, {9 a ,9p} = 0, 9 2 a = 0, 9 2 a = 0, a,P,a,$ = 1,2. 
Thus, we go from space to superspace 

Space =>■ Superspace 
•Efj, 2^/1) 9 9 a 

A SUSY group element can be constructed in superspace in the same way as an ordinary 
translation in the usual space 

G(x,0,§)=A-* flp i> + e Q + 0Q) m (3.2) 
It leads to a supertranslation in superspace 



+ iva^e - tea ^ 
+ e, (3.3) 



where e and £ are Grassmannian transformation parameters. From eq.(3.3) one can easily obtain 
the representation for the supercharges ( |3.l[) acting on the superspace 



Qa = ^~KJ%, Q« = ~+ie a a^df 1 . (3.4) 



Taking the Grassmannian transformation parameters to be local, or space-time dependent, one 
gets a local translation. As has already been mentioned, this leads to a theory of (super) gravity. 

To define the fields on a superspace, consider representations of the Super-Poincare group 
( p.ip ||. The simplest one is a scalar superfield F(x,9,9) which is SUSY invariant. Its Taylor 
expansion in 9 and 9 has only several terms due to the nilpotent character of Grassmannian 
parameters. However, this superfield is a reducible representation of SUSY. To get an irreducible 
one, we define a chiral superfield which obeys the equation 

d 

DF = 0, where D = = - i9a^d u (3.5) 

d9 

is a superspace covariant derivative. 

For the chiral superfield Grassmannian Taylor expansion looks like {y = x + i9a9) 

$(y,0) = A(y) + V294,(y) + 99F(y) 

= A{x) + i9a f *9d II A{x) + ^9999aA{x) 

+ V29ip{x) - -^=99dfj^{x)oH + 99F(x). (3.6) 

The coefficients are ordinary functions of x being the usual fields. They are called the components 
of a superfield. In eq.( |3.6D one has 2 bosonic (complex scalar field A) and 2 fermionic (Weyl 
spinor field ip) degrees of freedom. The component fields A and ijj are called the superpartners. 
The field F is an auxiliary field, it has the "wrong" dimension and has no physical meaning. 
It is needed to close the algebra ( |3.1| ) . One can get rid of the auxiliary fields with the help of 
equations of motion. 
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Thus, a superfield contains an equal number of bosonic and fermionic degrees of freedom. 
Under SUSY transformation they convert into one another 

5 e A = v^eV, 

5 £ ip = iV2a^edf,A + V2eF, (3.7) 
5 £ F = i^ea^d^. 

Notice that the variation of the F-component is a total derivative, i.e. it vanishes when integrated 
over the space-time. 

One can also construct an antichiral superfield <E> + obeying the equation 

Q 

D<5>+ = 0, with D = — + ia^Oda- 

06 

The product of chiral (antichiral) superfields $ 2 ,$ 3 , etc is also a chiral (antichiral) superfield, 
while the product of chiral and antichiral ones <E> +< 1> is a general superfield. 
For any arbitrary function of chiral superfields one has 

d\V r- ( dW 1 d 2 W \ 

The W is usually referred to as a superpotential which replaces the usual potential for the scalar 
fields. 

To construct the gauge invariant interactions, one needs a real vector superfield V = V + . It 
is not chiral but rather a general superfield with the following Grassmannian expansion: 

v{x,e,e) = c(x) + ie x {x)-i9x{x) 

+ ^ee[M(x) + iN(x)] - ^96[M(x) - iN(x)] 

- Ba»dvp{x) + i00d[\{x) + V<9 M x(*)] 

- mo[\ + % -^d^x{x)] + \eoM[D{x) + \uc{x)\. (3.9) 

The physical degrees of freedom corresponding to a real vector superfield V are the vector 
gauge field and the Majorana spinor field A. All other components are unphysical and 
can be eliminated. Indeed, under the Abelian (super)gauge transformation the superfield V is 
transformed as 

V -► U + $ + 
where 3> and <1? + are some chiral superfields. In components it looks like 

C C + A + A*, 

M + iN -> M + iN - 2iF, 

v„ - v M - ify(A - A*), (3.10) 

A — > A, 

D -► D, 
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and corresponds to ordinary gauge transformations for physical components. According to 
eq.( 3.10D , one can choose a gauge (the Wess-Zumino gauge where C = x = M = N = 0, 
leaving one with only physical degrees of freedom except for the auxiliary field D. In this gauge 



V = -ea*0Vp(x) + i009\(x) - i60d\(x) + -eeooD(x) 

v 2 = --eoddv^x^ix), 



V 3 = 0, etc. (3.11) 
One can define also a field strength tensor (as analog of F^ u in gauge theories) 



1 



2 V n „-V 



W a = —-D e D a e 

W & = -^D 2 e v D a e~ v , (3.12) 

which is a polynomial in the Wess-Zumino gauge. (Here Ds are the supercovariant derivatives.) 
The strength tensor is a chiral superfield 

DfiWa = 0, DpWa = 0. 
In the Wess-Zumino gauge it is a polynomial over component fields: 

W a = T a (-iX a a + 9 a D a - l -(a^9) a F^ u + O^D^xA , (3.13) 



where 



F% = V" " d » v l + / a6c «> D^X a = d~X a + f abc vft c . 



In Abelian case eqs.( |3.12^ ) are simplified and take form 



W a = ~D 2 D a V, Wa = -\D 2 D a V. 



3.3 Construction of SUSY Lagrangians 

Let us start with the Lagrangian which has no local gauge invariance. In the superfield nota- 
tion SUSY invariant Lagrangians are the polynomials of superfields. Having in mind that for 
component fields one should have ordinary terms and the above mentioned property of SUSY 
invariance of the highest dimension components of a superfield, the general SUSY invariant 
Lagrangian has the form 

C = <f>i$i\ ee g$ + [(Ai$i + -m ij <f> i <f> j + g^fc*i*i*fc)|w + h.c.}. (3.14) 

Hereafter the vertical line means the corresponding term of a Taylor expansion. 

The first term is a kinetic term. It contains both the chiral and antichiral superfields $j and 
4^ , respectively, and is a function of Grassmannian parameters 6 and 9. Being expanded over 
9 and 9 it leads to the usual kinetic terms for the corresponding component fields. 

The terms in the bracket form the superpotential. It is composed of the chiral fields only 
(plus the hermitian conjugated counterpart composed of antichiral superfields) and is a chiral 
superfield. Since the products of a chiral superfield and antichiral one produce a general su- 
perfield, they are not allowed in a superpotential. The last coefficient of its expansion over the 
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parameter 9 is supersymmetrically invariant and gives the usual potential after getting rid of 
the auxiliary fields, as it will be clear later. 

The Lagrangian ( p. 14 ) can be written in a much more elegant way in superspace. The same 
way as an ordinary action is an integral over space-time of Lagrangian density, in super symmetric 
case the action is an integral over the superspace. The space-time Lagrangian density then 
is US | 

C = J d 2 9d 2 9 + J d 2 9 [Ai$< + ^rmjQ&j + -y^^k] + h.c. (3.15) 

where the first part is a kinetic term and the second one is a superpotential W. Here instead of 
taking the proper components we use integration over the superspace according to the rules of 
Grassmannian integration [poj ] 

J d9 a = 0, j 6 a d9 p = 5 Q(3 . 

Performing explicit integration over the Grassmannian parameters, we get from eq.( 3.15| ) 

£ = id^ia^i + A^aAi + FfFi (3.16) 
+ [XiFi + mij(AiFj - -i/Jiipj) + yijkiAiAjFk - ipii)jA k ) + h.c.]. 

The last two terms are the interaction ones. To obtain a familiar form of the Lagrangian, we 
have to solve the constraints 

dC 

— = F k + \t + m* k A* + y* jk A*A*=0, (3.17) 
dC 

— = F k * + X k + m lk Ai + yijkAiAj = 0. (3.18) 
Or k 

Expressing the auxiliary fields F and F* from these equations, one finally gets 

-mijipitpj - -u. tr 
-VijkipiipjAk ~ VijkA^jAt ~ V (A, Aj), (3.19) 



£ = id^iO^^i + A*UAi - -mijifjiipj - -rriijipiipj 



where the scalar potential V = Fj*F k . We will return to the discussion of the form of the scalar 
potential in SUSY theories later. 

Consider now the gauge invariant SUSY Lagrangians. They should contain gauge invariant 
interaction of the matter fields with the gauge ones and the kinetic term and the self-interaction 
of the gauge fields. 

Let us start with the gauge field kinetic terms. In the Wess-Zumino gauge one has 

W a W a \ ee = -2i\a»D^\ - \f^F^ + X -D 2 + i^F^F^e^, (3.20) 

where = + ig[va,] is the usual covariant derivative and the last, the so-called topological 
9 term,^ is the total derivative. 

The gauge invariant Lagrangian now has a familiar form 



£ = If d 2 9 W a W a + \J d 2 8 W"W a 



\d 2 - - A F^ U F^ - iXa^D^X. (3.21) 



Terminology comes from the 9 term of QCD [^lf and has nothing to do with the Grassmannian parameter 6. 
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To obtain a gauge-invariant interaction with matter chiral superfields, consider their gauge 
transformation (Abelian) 

$ e -^ A $, $+ $+ e ^ A+ , F -► U + z(A-A+), 

where A is a gauge parameter (chiral superfield). 

It is clear now how to construct both the SUSY and gauge invariant kinetic term (compare 
with the covariant derivative in a usual gauge theory) 

*t*i\6ese *t<? v Hom ( 3 - 22 ) 
A complete SUSY and gauge invariant Lagrangian then looks like 

C inv = -I d 2 Q W a W a + \Jd 2 W«Wa + J d 2 6d 2 e $fe 9V <S>i (3.23) 
d 2 9 (-m ij <f> i <f> j + -yijk^j^k) + h.c. 

In particular, the SUSY generalization of QED looks as follows: 

CSUSY QED = \j d 2 9 W a W a + \Jd 2 e W«Wa 

+ J d 4 ($|e 5V $ + + $le- ffV $_) (3.24) 
+ J d 2 9m + J d 2 6m $+$±, 

where two superfields <E> + and <!>_ have been introduced in order to have both left- and right- 
handed fermions. 

The non-Abelian generalization is straightforward 

Csusy ym = \f d 2 9 Tr(W a W a ) + - A j d 2 9 Tr(W a W a ) (3.25) 

+ J d 2 od 2 e QiaiefVft&i + J d 2 e w{$i) + J d 2 e w(^), 

where W is a superpotential, which should be invariant under the group of symmetry of a 
particular model. 

In terms of component fields the above Lagrangian takes the form 

Csusyym = ~F%F a > H/ -i\ a a< 1 D l X + ^p a D a 

+ {dpAi - igv^A^id^Ai - igv^Ai) - i^{d^ t - igv^T^) 

- D a A\T a Ai - iV2A\T a \ a ^ + iV2$ i T a A i \ a + f}^ 

dW „ dW * 1 d 2 W , , 1 d 2 W — — . . 

+ + (3.26) 

Integrating out the auxiliary fields D a and Fi, one reproduces the usual Lagrangian. 
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3.4 The scalar potential 



Contrary to the SM, where the scalar potential is arbitrary and is defined only by the requirement 
of the gauge invariance, in supersymmetric theories it is completely defined by the superpotential. 
It consists of the contributions from the D-terms and F-terms. The kinetic energy of the 
gauge fields (recall eq.( |3.21 ) yields the \/2D a D a term, and the matter-gauge interaction (recall 
eq. (|3.23Q yields the gD a T^A*Aj one. Together they give 



C D = -D a D a + gD a T° , j A*Aj. 
2 J 



The equation of motion reads 



D a = -gT«A*A r 

Substituting it back into eq.( |3.27 ) yields the D-tevm part of the potential 



-D a D a 
2 



V D = -D a D a , 



(3.27) 
(3.28) 

(3.29) 



where D is given by eq.( 3.2§| ). 

The F-term contribution can be derived from the matter field self-interaction eq.( 3.16 ). For 
a general type superpotential W one has 



dW 

C F = F*F i + {—F i + h.c). 
Using the equations of motion for the auxiliary field Fi 

p* dW 

1 t 



yields 



- F* F- 



Vf = F*F U 



where F is given by eq.(3.31). The full potential is the sum of the two contributions 

V = V D + V F . 



(3.30) 

(3.31) 
(3.32) 

(3.33) 



Thus, the form of the Lagrangian is practically fixed by symmetry requirements. The only 
freedom is the field content, the value of the gauge coupling g, Yukawa couplings y^-fe and 
the masses. Because of the renormalizability constraint V < A 4 the superpotential should be 
limited by W < $ 3 as in eq.( 3.15| ). All members of a supermultiplet have the same masses, i.e. 
bosons and fermions are degenerate in masses. This property of SUSY theories contradicts the 
phenomenology and requires supersymmetry breaking. 



3.5 Spontaneous breaking of SUSY 

Since supersymmetric algebra leads to mass degeneracy in a supermultiplet, it should be broken 
to explain the absence of superpartners at modern energies. There are several ways of supersym- 
metry breaking. It can be broken either explicitly or spontaneously. Performing SUSY breaking 
one has to be careful not to spoil the cancellation of quadratic divergencies which allows one to 
solve the hierarchy problem. This is achieved by spontaneous breaking of SUSY. 
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Apart from non-super symmetric theories in SUSY models the energy is always nonnegative 
definite. Indeed, according to quantum mechanics 

E =< 0| H |0 > 

and due to SUSY algebra eq, (|3.1[) 

{Qa,Q $ }=2(<T*) a$ P lt , 
taking into account that tr^a^P^) = 2Pq, one gets 

E=- <0|{Q a ,0a}|0>=^|Q Q |0>| 2 >0. 

a=l,2 a 

Hence 

E =< 0| H |0 if and only if Q a \0 0. 

Therefore, supersymmetry is spontaneously broken, i.e. vacuum is not invariant (Q a |0 >^ 
0), if and only if the minimum of the potential is positive (i.e. E > 0) . 

The situation is illustrated in Fig.||. The SUSY ground state has E = 0, while a non-SUSY 
one has E > 0. On the right-hand side a non-SUSY potential is shown. It does not appear 
even in spontaneously broken SUSY theories. However, just this type of the potential is used 
for spontaneous breaking of the gauge invariance via the Higgs mechanism. This property has 
crucial consequences for the spontaneous breaking of the gauge invariance. Indeed, as will be 
seen later, in the MSSM spontaneous breaking of SU(2) invariance takes place only after SUSY 
is broken. 




STATE 

Figure 9: Scalar potential in supersymmetric and non-supersymmetric theories 

Spontaneous breaking of supersymmetry is achieved in the same way as the electroweak sym- 
metry breaking. One introduces the field whose vacuum expectation value is nonzero and breaks 
the symmetry. However, due to a special character of SUSY, this should be a superfield whose 
auxiliary F and D components acquire nonzero v.e.v.'s. Thus, among possible spontaneous 
SUSY breaking mechanisms one distinguishes the F and D ones. 
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i) Fayet-Iliopoulos (L>-term) mechanism [22]. 
In this case the, the linear D-term is added to the Lagrangian 



A£ = tV\ em = tJ d 4 9V. (3.34) 

It is gauge and SUSY invariant by itself; however, it may lead to spontaneous breaking of both 
of them depending on the value of £. We show in Fig.|i"o|a the sample spectrum for two chiral 
matter multiplets. The drawback of this mechanism is the necessity of U(l) gauge invariance. 



Mass 



M 



Ax 

A lt A 2 / i>i,4>2 



A„,Ai 



A^X Ap, A \ A tl ,X,A 2 / A 

£g = < £g < in 2 (g = m 2 £g > m 2 



A 2 ,i>2 



: y4j + iBj 



-4] 



^3, V>3 



2 S A < 



^3, -03 

%A > r 



a) b) 

Figure 10: Spectrum of spontaneously broken SUSY theories 

It can be used in SUSY generalizations of the SM but not in GUTs. 

The mass spectrum also causes some troubles since the following sum rule is always valid 



E -?= E 

boson states fermion states 



(3.35) 



which is bad for phenomenology. 

ii) O'Raifeartaigh (F-term) mechanism [23|. 
In this case, several chiral fields are needed and the superpotential should be chosen in a way that 
trivial zero v.e.v.s for the auxiliary F-fields be absent. For instance, choosing the superpotential 
to be 

W($) = A$3 + m$i$ 2 + 0$3$i> 
one gets the equations for the auxiliary fields 

F{ = mA 2 + 2gA 1 A 3 , 
F 2 * = mAi, 
F 3 * = X + gAj, 

which have no solutions with < Fi >= and SUSY is spontaneously broken. The sample 



spectrum is shown in Fig]10|b. 

The drawbacks of this mechanism is a lot of arbitrariness in the choice of potential. The 
sum rule ( |3.35D is also valid here. 
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Unfortunately, none of these mechanisms explicitly works in SUSY generalizations of the 
SM. None of the fields of the SM can develop nonzero v.e.v.s for their F or D components 
without breaking SU(3) or U(l) gauge invariance since they are not singlets with respect to 
these groups. This requires the presence of extra sources of spontaneous SUSY breaking, which 
we consider below. They are based, however, on the same F and D mechanisms. 



4 SUSY generalization of the Standard Model. The MSSM 

As has been already mentioned, in SUSY theories the number of bosonic degrees of freedom 
equals that of fermionic. At the same time, in the SM one has 28 bosonic and 90 fermionic 
degrees of freedom (with massless neutrino, otherwise 96). So the SM is to a great extent non- 
supersymmetric. Trying to add some new particles to supersymmetrize the SM, one should take 
into account the following observations: 



1. There are no fermions with quantum numbers of the gauge bosons; 



2. Higgs fields have nonzero v.e.v.s; hence they cannot be superpartners of quarks and leptons 
since this would induce spontaneous violation of baryon and lepton numbers; 

3. One needs at least two complex chiral Higgs multiplets to give masses to Up and Down 
quarks. 



The latter is due to the form of a superpotential and chirality of matter superfields. Indeed, 
the superpotential should be invariant under the SU(3) x SU(2) x U(l) gauge group. If one 



looks at the Yukawa interaction in the Standard Model, eq.(1.7), one finds that it is indeed 
U(l) invariant since the sum of hypercharges in each vertex equals zero. In the last term this is 
achieved by taking the conjugated Higgs doublet H = iT2H^ instead of H. However, in SUSY 
H is a chiral superfield and hence a superpotential, which is constructed out of chiral fields, can 
contain only H but not H which is an antichiral superfield. 

Another reason for the second Higgs doublet is related to chiral anomalies. It is known that 
chiral anomalies spoil the gauge invariance and, hence, the renormalizability of the theory. They 
are canceled in the SM between quarks and leptons in each generation. 

Indeed, chiral (or triangle anomaly) is proportional to the trace of three hypercharges. In 
the SM one has 

TrY 3 = 3 +^ -§ +£) -1 -1 +8 =0. 

colour u L d L u R d R v L e L e R 



However, if one introduces a chiral Higgs superfield, it contains higgsinos, which are chiral 
fermions, and contain anomalies. To cancel them one has to add the second Higgs doublet with 
the opposite hypercharge. 

Therefore, the Higgs sector in SUSY models is inevitably enlarged, it contains an even 
number of doublets. 

Conclusion: In SUSY models supersymmetry associates known bosons with new fermions 
and known fermions with new bosons. 
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Supersymmetric 
shadow " particle 



Figure 11: The shadow world of SUSY particles [26| 



4.1 The field content 

Consider the particle content of the Minimal Supersymmetric Standard Model |24|] . According 
to the previous discussion, in the minimal version we double the number of particles (introducing 
a superpartner to each particle) and add another Higgs doublet (with its superpartner) . The 



particle content of the MSSM then appears as [25] 



Particle Content of the MSSM 

Superfield Bosons Fermions SU C (3) SUl{2) Uy{X) 
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where a = 1, 2, 8 and k = 1, 2, 3 are the SU (3) and SU{2) indices, respectively, and z = 1,2,3 
is the generation index. Hereafter, tilde denotes a superpartner of an ordinary particle. 
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Thus, the characteristic feature of any supersymmetric generalization of the SM is the pres- 
ence of superpartners (see Fig.|i~i"|) . If supersymmetry is exact, superpartners of ordinary par- 
ticles should have the same masses and have to be observed. The absence of them at modern 
energies is believed to be explained by the fact that their masses are very heavy, that means 
that supersymmetry should be broken. Hence, if the energy of accelerators is high enough, the 
superpartners will be created. 

The presence of an extra Higgs doublet in SUSY model is a novel feature of the theory. In 
the MSSM one has two doublets with the quantum numbers (1,2,-1) and (1,2,1), respectively: 

where v% are the vacuum expectation values of the neutral components. 

Hence, one has 8=4+4=5+3 degrees of freedom. As in the case of the SM, 3 degrees of 
freedom can be gauged away, and one is left with 5 physical states compared to 1 state in the 
SM. 

Thus, in the MSSM, as actually in any of two Higgs doublet models, one has five physical 
Higgs bosons: two CP-even neutral, one CP-odd neutral and two charged. We consider the mass 
eigenstates below. 

4.2 Lagrangian of the MSSM 

The Lagrangian of the MSSM consists of two parts; the first part is SUSY generalization of the 
Standard Model, while the second one represents the SUSY breaking as mentioned above. 



where 
and 



£ = C-SUSY + ^-Breaking, (4.2) 
£-SUSY = C-Gauge + ^-Yukawa (4.3) 



Ccauge = E 7 ( / # e TrW a W a + f d 2 6 TrW^W* 

SU(3),SU(2),U(1) V 

+ ]T J d 2 6d 2 6 ^ i e9^ + 92V 2 +9iVi^ u (44) 

M atter 

J d 2 6 (W R + W NR ) + h.c. (4.5) 



Yukawa 



The index R in a superpotential refers to the so-called i?-parity [27] which adjusts a "+" charge 
to all the ordinary particles and a "— " charge to their superpartners. The first part of W is 
R-symmetric 

W R = e l3 {y v ah QiUiH\ + y° b QiD c b H{ + y L ah V a ElH[ + ^H\H^), (4.6) 

where i,j = 1, 2, 3 are the SU(2) and a, b = 1, 2, 3 are the generation indices; colour indices are 
suppressed. This part of the Lagrangian almost exactly repeats that of the SM except that the 
fields are now the superfields rather than the ordinary fields of the SM. The only difference is 
the last term which describes the Higgs mixing. It is absent in the SM since there is only one 
Higgs field there. 
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The second part is R-nonsymmetric 

W NR = eij(\a bd L l a LlEj + \ a ' b ' d L a Q{D d + f/ a L l a H%) 

+ \ B abd U c a DtD% (4.7) 

These terms are absent in the SM. The reason is very simple: one can not replace the superfields 



in eq.(4.7) by the ordinary fields like in eq.([4.6|) because of the Lorentz invariance. These terms 
have a different property, they violate either lepton (the first line in eq.([4.7l)) or baryon number 
(the second line). Since both effects are not observed in Nature, these terms must be suppressed 
or be excluded. One can avoid such terms if one introduces special symmetry called the R- 
symmetry pq| . This is the global U(1) R invariance 

U(1) R : 9 -► e ia 6, $ -► e ina $, (4.8) 

i.e., the superfield has the quantum number R = n. To preserve U(1) R invariance the super- 
potential W must have R = 2. Thus, to get Wnr = one must choose R = 1 for all the 
Higgs superfields and R = 1/2 for quark and lepton ones. However, this property happens to 
be too restrictive. Indeed, the gaugino mass term, which is Lorentz and gauge invariant and is 
introduced while supersymmetry breaking, happens to be i?-invariant only for a = ±7r. This re- 
duces the i?-symmetry to the discrete group Z 2 , called the .R-parity |27j] . The imparity quantum 
number is given by 

R = (_l)3(B-i)+25 (49) 

for particles with spin S. Thus, all the ordinary particles have the imparity quantum number 
equal to R = +1, while all the superpartners have -R-parity quantum number equal to R = — 1. 
The .R-parity obviously forbids the Wnr terms. It is usually assumed that they are absent in 
the MSSM, i.e. -R-parity is preserved. However, there is no physical principle behind it. It 
may well be that these terms are present, though experimental limits on the couplings are very 
severe [||] 

^abci ^abc < 10 4 > ^abc < 10 9 - 

4.3 Properties of interactions 

If one assumes that the i?-parity is preserved, then the interactions of superpartners are es- 
sentially the same as in the SM, but two of three particles involved into an interaction at any 
vertex are replaced by superpartners. The reason for it, as we discussed earlier, is the i?-parity. 
According to eq. (|4.9| ), all the ordinary particles are R-even, while all the superpartners are 
R-odd. 

Conservation of the i?-parity has two consequences 

• the superpartners are created in pairs; 

• the lightest superparticle (LSP) is stable. 

Usually it is photino 7, the superpartner of a photon with some admixture of neutral higgsino. 
Typical vertices are shown in Figs.^2-14. The tilde above a letter denotes the corresponding 



superpartner. Note that the coupling is the same in all the vertices involving superpartners. 

In the case of i?-parity violation one has additional vertices with new types of interaction. 
As has been already mentioned, they violate either the lepton or baryon number. The typical 
ones are 

£-lle = A' {v L e L e c R - e L v L e c R + e* R v L e R + ...}, (4.10) 
£lqd = x(i> L d L d R -e L u L d R + d L u L d R -u L e L d R + ...j . (4.11) 
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Figure 12: Gauge- matter interaction 




Rigid Soft Rigid 

Figure 14: Yukawa-type interaction 



d 




p — } e TV 



Figure 15: Proton decay in R-parity violating models 

There are also UDD terms which violate the baryon number. These terms together lead to 
a fast proton decay via the process shown in Fig.[D]. To avoid it, one usually leaves either L or 
B violating interactions. 

The limits on i?-parity violating couplings come from non-observation of various processes, 
like proton decay, v^e scattering, etc and also from the charged current universality: r(7r — > 
ev)/T(ir — ► fJLu),T(r — ► evv~)jT(r — ► fj,vi?), etc. 
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4.4 Creation and decay of superpartners 

The above-mentioned rule together with the Feynman rules for the SM enables us to draw 
diagrams describing creation of superpartners. One of the most promising processes is the e + e~ 



annihilation (see Fig. 16). The usual kinematic restriction is given by the centre of mass energy 



Xl ■J-LM-':- 1 ':- \ 



XiiXi e+ v ✓ e+ {v e ) 
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Figure 16: Creation of superpartners 



^sparticle 



< 



Similar processes take place at hadron colliders with electrons and positrons being replaced by 
quarks and gluons. 

Creation of superpartners can be accompanied by creation of ordinary particles as well. We 
consider various experimental signatures for e + e~ and hadron colliders below. They crucially 
depend on SUSY breaking pattern and on the mass spectrum of superpartners. 

The decay properties of superpartners also depend on their masses. For the quark and lepton 
superpartners the main processes are shown in Fig.|l7|. 

When the i?-parity is conserved, new particles will eventually end up giving neutralinos (the 
lightest superparticle) whose interactions are comparable to those of neutrinos and they leave 
undetected. Therefore, their signature would be missing energy and transverse momentum. 

Examples. Consider some explicit examples of superpartner decays. 

squarks : qL,R Q + Xi (quark + photino) 

qL — ► q' + Xi (quark + chargino) 

q — > q + g (quark + gluino) for niq > nig 

t\ — > c + Xi (main decay) signal: 2 acollinear jets + 
t\ — > b + xt signal: 2 b jets + 2 leptons + jtx 

^X°iff' (ff' = lv,qq) (4jets)+^ T 
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Figure 17: Decay of superpartners 
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In the last case there are many possible channels both visible and invisible. 
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Thus, if super symmetry exists in Nature and if it is broken somewhere below 1 TeV, then it will 
be possible to detect it in the nearest future. 
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5 Breaking of SUSY in the MSSM 



Since none of the fields of the MSSM can develop non-zero v.e.v. to break SUSY without spoiling 
the gauge invariance, it is supposed that spontaneous supersymmetry breaking takes place via 
some other fields. The most common scenario for producing low-energy supersymmetry breaking 
is called the hidden sector one [3C]. According to this scenario, there exist two sectors: the usual 
matter belongs to the "visible" one, while the second, "hidden" sector, contains fields which lead 
to breaking of supersymmetry. These two sectors interact with each other by exchange of some 
fields called messengers, which mediate SUSY breaking from the hidden to the visible sector 
(see Fig. 18). There might be various types of messenger fields: gravity, gauge, etc. Below we 
consider four possible scenarios. 

The hidden sector is the weakest part of the MSSM. It contains a lot of ambiguities and 
leads to uncertainties of the MSSM predictions considered below. 




Figure 18: Hidden Sector Scenario 



5.1 The hidden sector: four scenarios 

So far there are known four main mechanisms to mediate SUSY breaking from a hidden to a 
visible sector: 

• Gravity mediation (SUGRA); 

• Gauge mediation; 

• Anomaly mediation; 

• Gaugino mediation. 

Consider them in more detail. 
SUGRA 

This mechanism is based on effective nonrenormalizable interactions arising as a low-energy 
limit of supergravity theories In this case, two sectors interact with each other via gravity. 
There are two types of scalar fields that develop nonzero v.e.v.s, namely moduli fields T, which 
appear as a result of compactification from higher dimensions, and the dilaton field S, part 
of SUGRA supermultiplet. These fields obtain nonzero v.e.v.s for their F components: < 
Ft 0, < Fs 0, which leads to spontaneous SUSY breaking. Since in SUGRA theory 
supersymmetry is local, spontaneous breaking leads to Goldstone particle which is a Goldstone 
fermion in this case. With the help of a super-Higgs effect this particle may be absorbed into 
an additional component of a spin 3/2 particle, called gravitino, which becomes massive. 
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SUSY breaking is then mediated to a visible sector via gravitational interaction leading to 
the following SUSY breaking scale: 



< F T > < F s > 

SU$Y M PL M PL A ' 2 



where is the gravitino mass. 

The effective low-energy theory, which emerges, contains explicit soft supersymmetry break- 
ing terms 

Csoft = - E ™^.P - E ^(AiA; + AiAi) - S W (2) (A) - i W (3) (i), (5.1) 

i i 

where and are the quadratic and cubic terms of a superpotential, respectively. The 
mass parameters are 

2 f <F S > \ 2 2 < F s > 



6 ~ i^rJ ~ m 3 /2) ^-^^-^3/2. 



To have SUSY masses of an order of 1 TeV, one needs y/< F T ,s > ~ 10 11 GeV. 

In spite of attractiveness of these mechanism in general, since we know that gravity exists 
anyway, it is not truly substantiated due to the lack of a consistent theory of quantum (su- 
per)gravity. Among the problems of a supergravity mechanism also are the large freedom of 
parameters and the absence of automatic suppression of flavour violation. 

Gauge Mediation 

In this version of a hidden sector scenario, the SUSY breaking effects are mediated to the 
observable world not via gravity but via gauge interactions |3^| . The messengers are the gauge 
bosons and matter fields of the SM and of some GUT theory. The hidden sector is necessary 
since the dynamical SUSY breaking requires the fields with quantum numbers not compatible 
with the SM. The advantage of this scenario is that one can construct a renormalizable model 
with dynamic SUSY breaking, where in principle all the parameters can be calculated. 

Consider some simplest possibility where in a hidden sector one has a singlet scalar superfield 
S with nonzero v.e.v. < Fs >^ 0. The messenger sector consists of some superfield $, for 
instance, 5 of SU(5), that couples to S and to the SM fields with a superpotential 

W ~ S$ f $, < S >= M ^ 0. (5.2) 



Integrating out the messenger fields gives mass to gauginos at the one loop level (see Fig{L9|) 
and to the scalar fields (squarks and sleptons) at the two loop one (see Figj20|). So, in gauge 
mediated scenario all the soft masses are correlated to the gauge couplings and in this sense this 
scenario is more restrictive than the SUGRA one. There is no problem with flavour violating 
processes as well, since the soft terms automatically repeat the rigid sector. 

It is remarkable that in this scenario the LSP happens to be the gravitino. The mass of the 
gravitino is given by 

< F s > M 14 M 

m G TJ— ■ T7 10 T7^7T7T> ( 5 - 3 ) 



that leads to a very light gravitino field. 
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x< F s > 
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Figure 19: Gaugino mass generation 
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Figure 20: Squark mass generation 

The problem of the gauge mediated SUSY breaking scenario emerges in the Higgs sector since 
the Higgs mass mixing parameters, which break an unwanted Peccei-Quin symmetry, cannot be 
generated by gauge interactions only. In order to parameterize some new unknown interactions, 
two new inputs have to be introduced (/i and B in SUGRA conventions). 

Anomaly Mediation 

An anomaly mediation mechanism assumes no SUSY breaking at the tree level. SUSY 
breaking is generated due to conformal anomaly. This mechanism refers to a hidden sector of a 
multidimensional theory with the couplings being dynamic fields which may acquire v.e.v.s. for 
their F components pq] . The external field or scale dependence of the couplings emerges as a 
result of conformal anomaly and that is why is proportional to the corresponding f3 functions. 
In the leading order one has 

Mi(A) ~ biOi{h) — — - ~ hi a.i m 3 / 2 , 

Mp L 

m 2 (A) ~ bf of (A) m^ 2 , (5.4) 

where hi are the one- loop RG coefficients (see eq. Q2.8p ). 

This reminds supergravity mediation mechanism but with fixed coefficients. It leads to two 
main differences: 

i) the inverted relation between the gaugino masses at high energy scale 

Mi : M 2 : M 3 = h : b 2 : b 3 , 

ii) negative slepton mass squared (tachyons!) at the tree level. 
This problem has to be cured. 
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Gaugino Mediation 



At last we would like to mention the gaugino mediation mechanism of SUSY breaking [34]. 
This is a less developed scenario so far. It is based on a paradigm of a brane world. According 
to this paradigm, there exists a multidimensional world where our four dimensional space-time 
represents a brane of 4 dimensions. The fields of the SM live on the brane, while gravity and some 
other fields can propagate in the bulk. There also exists another brane where supersymmetry 
is broken. SUSY breaking is mediated to our brane via the fields propagating in the bulk. It is 
assumed that the gaugino field plays an essential role in this mechanism (see Fig.[2l|) 




OUR BRANE 



<- SIX 



ANOTHER BRANE 



Figure 21: Gaugino mediated SUSY breaking 

All four mechanisms of soft SUSY breaking are different in details but are common in results. 
They generate gauge invariant soft SUSY breaking operators of dimension < 4 of the form 



C 



soft 



BijAiAj — AijkAiAjAk + h.c, 

ijk 



(5.5) 



where the bilinear and trilinear couplings B{j and are such that not to break the gauge 
invariance. These are the only possible soft terms that do not break renormalizability of a theory 
and preserve SUSY Ward identities for the rigid terms p5|]. 

Predictions for the sparticle spectrum depend on the mechanism of SUSY breaking. For 
comparison of four above-mentioned mechanisms we show in Fig.B^ the sample spectra as the 



ratio to the gaugino mass M2 [pql - 

In what follows, to calculate the mass spectrum of superpartners, we need an explicit form 
of SUSY breaking terms. Applying eq. fl5.5D to the MSSM and avoiding the imparity violation 



gives 



^Breaking = ^ m 0i I It 1 2 + ( 7T M a \ a X a + BH1H2 
i V 2 a 



(5.6) 



+ A u ab Q a U£H 2 + A u ah Q a D%H x + A L ah L a E c h H x + h.c. 



where we have suppressed the SU(2) indices. Here (fi are all scalar fields, X a are the gaugino 
fields, Q, U, D and L, E are the squark and slepton fields, respectively, and Hip are the SU(2) 
doublet Higgs fields. 
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SPARTICLE SPECTRA 
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Figure 22: Superparticle spectra for various mediation mechanisms 



Eq.(|5.6|) contains a vast number of free parameters which spoils the prediction power of the 
model. To reduce their number, we adopt the so-called universality hypothesis, i.e., we assume 
the universality or equality of various soft parameters at a high energy scale, namely, we put 
all the spin particle masses to be equal to the universal value mo, all the spin 1/2 particle 
(gaugino) masses to be equal to m]/ 2 and all the cubic and quadratic terms, proportional to 
A and B, to repeat the structure of the Yukawa superpotential (4.6). This is an additional 
requirement motivated by the supergravity mechanism of SUSY breaking. Universality is not a 
necessary requirement and one may consider nonuniversal soft terms as well. However, it will 
not change the qualitative picture presented below; so for simplicity, in what follows we consider 
the universal boundary conditions. In this case, eq.(|5.6j) takes the form 



C 



Breaking 



i \ Z a 



(5.7) 



+ A[y u ab Q a U c b H 2 + yj&QaBSH! + y L ah L a E c h H x \ + B^H^} + h.c. 



It should be noted that supergravity induced universality of the soft terms is more likely 
to be valid at the Planck scale rather than at the GUT one. This is because a natural scale 
for gravity is Mpi anc k while Mqut is the scale for gauge interactions. However, due to a small 
difference between these two scales, it is usually ignored in the first approximation resulting in 
minor uncertainties in the low-energy predictions [p^| . 

The soft terms explicitly break supersymmetry. As will be shown later, they lead to the mass 
spectrum of superpartners different from that of ordinary particles. Remind that the masses of 
quarks and leptons remain zero until SU(2) invariance is spontaneously broken. 
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5.2 The soft terms and the mass formulas 



There are two main sources of the mass terms in the Lagrangian: the D terms and soft ones. 
With given values of mo, mi/2> M> Yt, Yb,Y T , A, and B one can construct the mass matrices for all 
the particles. Knowing them at the GUT scale, one can solve the corresponding RG equations, 
thus linking the values at the GUT and electroweak scales. Substituting these parameters into 
the mass matrices, one can predict the mass spectrum of superpartners [ 



38|, |39|. 



5.2.1 Gaugino-higgsino mass terms 

The mass matrix for gauginos, the superpartners of the gauge bosons, and for higgsinos, the 
superpartners of the Higgs bosons, is nondiagonal, thus leading to their mixing. The mass terms 
look like 

Coaugino-Higgsino = --M 3 X a X a - ~xM^ X ~ ($Af( c ty + /i.e.), 



where A a , a = 1, 2, . . . , 8, are the Majorana gluino fields and 



(5.8) 



X 



( ^ \ 

w 3 

V H°2 J 



1> 




(5.9) 



are, respectively, the Majorana neutralino and Dirac chargino fields. 
The neutralino mass matrix is 



/ Mi — Mz cos (3sinw Mz sin (3 sinw \ 

Mi Mz cos (3 cosw —Mz sin (3 cosjy 

— Mz cos (3 smw Mz cos cosw — /i 

V Mz sin (3 sinvi/ — Mz sin/3 cosw J 



(5.10) 



where tan/3 = t^/fi is the ratio of two Higgs v.e.v.s and suny = sin^v^ is the usual sinus of 
the weak mixing angle. The physical neutralino masses M^o are obtained as eigenvalues of this 
matrix after diagonalization. 
For charginos one has 



M 2 V2M W sin (3 

V2M W cos (3 n 



(5.11) 



This matrix has two chargino eigenstates X12 W1 th mass eigenvalues 



M 



1,2 



Mi + ji + 2M W T J (Ml - /i 2 ) 2 + 4M W cos 2 2(3 + AM W (M$ + /x 2 + 2M 2 fi sin 2(3) 



(5.12) 



5.2.2 Squark and slepton masses 

Non-negligible Yukawa couplings cause a mixing between the electroweak eigenstates and the 
mass eigenstates of the third generation particles. The mixing matrices for m 2 ,m 2 and m 2 are 



m 



tL 



m t (A t - /icot/?) 



m t (A t - ficotp) 



m 



tR 



(5.13) 
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m\ L m b (A b - /itan/3) 
mb(Ab — /itan/3) mj fl 

m 2 L m T (A T — //tan/3) 
m T (A T — /ttan/3) 



(5.14) 
(5.15) 



with 



mfz 


= m Q 


+ m 2 + ^(4M^ 


-Mf) cos 2/?, 




= m 2 / 




-Mf) cos 2/3, 




= m Q 


+ m^-i(2M^ 


+ Mf)cos 2/3, 




= m|, 




- Mf) cos 2/3, 


m?fl 


= m| 
= m| 


+ m 2 -I(2M 2 , 
+ m 2 + (M^ - 


-M|)cos 2/3, 
M|) cos 23 



and the mass eigenstates are the eigenvalues of these mass matrices. For the light generations 
the mixing is negligible. 

The first terms here (m 2 ) are the soft ones, which are calculated using the RG equations 
starting from their values at the GUT (Planck) scale. The second ones are the usual masses of 
quarks and leptons and the last ones are the D terms of the potential. 

5.3 The Higgs potential 

As has already been mentioned, the Higgs potential in the MSSM is totally defined by super- 
potential (and the soft terms). Due to the structure of W the Higgs self- interaction is given by 
the Z)-terms while the F-terms contribute only to the mass matrix. The tree level potential is 

V tree (Hi,H 2 ) = m\\Hi\ 2 + m 2 2 \H 2 \ 2 - ml{H 1 H 2 + h.c.) 

+ l^l{\ Hl \ 2 -\H 2 \ 2 f + 9 ^\HtH 2 \\ (5.16) 
o z 

where m 2 = m 2 H + /i 2 , m 2 = m 2 H2 + fi 2 . At the GUT scale m 2 = m 2 = m 2 , + //§, m 2 = —B[jlq. 
Notice that the Higgs self-interaction coupling in eq.( 5.16j ) is fixed and defined by the gauge 
interactions as opposed to the SM. 



The potential ( |5.16| ), in accordance with supersymmetry, is positive definite and stable. It 
has no nontrivial minimum different from zero. Indeed, let us write the minimization condition 
for the potential ( 5.16] ) 



1 SV _ _ 2 _ - , 9 2 + 9 l2 ^j 

2 SHx 



m^vi — m 3 v 2 H («i — v 2 )vi = 0, (5-17) 



25th = m 2 v 2- m 3Vi + (v 1 -v 2 )v 2 = 0, (5.18) 

where we have introduced the notation 

9 9 9 ^2 

< Hi >= vi = vcosfi, < H 2 >= ^ = vsm3, v = v-i + Vn, tan 3 = — . 

Vl 
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Solution of eqs.( 5.17j ),( |5.18|) can be expressed in terms of v 2 and sin 2/3 



4(mf - 772-2 tan2 P) 
( 5 2 + </ 2 )(tan 2 /3-l)' 



sin 2/3 



2m 



2 , 2 ' 
TO} + m 2 



(5.19) 



One can easily see from eq.( |5.19| ) that if m\ = m 2 = m 2 , + /i 2 ,, u 2 happens to be negative, i.e. 
the minimum does not exist. In fact, real positive solutions to eqs.( p.l7[ ),( |5.18| ) exist only if the 
following conditions are satisfied [25]: 



2, 2^ 2 22,4 

m l + m 2 > 2m 3 , m^rrii < m 3 , 



(5.20) 



which is not the case at the GUT scale. This means that spontaneous breaking of the SU(2) 
gauge invariance, which is needed in the SM to give masses for all the particles, does not take 
place in the MSSM. 

This strong statement is valid, however, only at the GUT scale. Indeed, going down with 
energy, the parameters of the potential ( 5.16| ) are renormalized. They become the "running" 
parameters with the energy scale dependence given by the RG equations. The running of 
the parameters leads to a remarkable phenomenon known as radiative spontaneous symmetry 
breaking to be discussed below. 

Provided conditions ( 5.2C| ) are satisfied, the mass matrices at the tree level are 
CP-odd components P\ and P2 : 



M 



odd 



d 2 v 



dPidPj 



tan j3 



Hi=Vi 



cot /3 



m 



3' 



CP-even neutral components Si and S 2 '- 

d 2 v 



dS.dSi 



Hi=Vi \ 

Charged components H~ and H + : 

d 2 v 



tan p — 1 
-1 cot/? 



m, + 



cot P 



1 



- 1 tan P 



k^charged 



dH+dHj 



Hi=Vi 



tan p 1 
1 cot/? 



{m\ + M\y cos P sin P) . 



Diagonalizing the mass matrices, one gets the mass eigenstates 



G° = -COS/3P1 +sin/3P 2 , 
A = sin PP 1 + cos PP 2 , 



Goldstone boson — ► Zq, 
Neutral CP = — 1 Higgs, 



(5.21) 



M z cos/3sin/?, (5.22) 



(5.23) 



G+ = - cos P(H{)* + sin PH£, Goldstone boson -> W + , 
= sin P(Hi )* + cos /3i?2, Charged Higgs, 



h = — sin aS\ + cos aS^, 
H = cosaSi + sinaS2, 



SM Higgs boson CP = 1, 
Extra heavy Higgs boson, 



where the mixing angle a is given by 



tan 2a 



tan 2/3 



' m\ +Ml 



m 



M 2 
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The physical Higgs bosons acquire the following masses [24]: 



CP-odd neutral Higgs A : m 2 A = m\ + m 2 ., 

Charge Higgses ff ± : m 2 H± = m A + M^, (5.24) 

CP-even neutral Higgses H, h: 

1 



in 



H,h 



2 

where, as usual, 



m\ + M 2 z ± J(m 2 A + M|) 2 - Am\M 2 cos 2 2/3 



a 2 n 2 + a' 2 

n/f 2 y 2 ,1^2 y ^ y 2 



(5.25) 



2 ' 2 
This leads to the once celebrated SUSY mass relations 



m H ± > My/, 
m h <m A < M H , 
m h < M z \ cos 2/3 1 < M z , 

m h + m H = m \ + M% . 



(5.26) 



Thus, the lightest neutral Higgs boson happens to be lighter than the Z boson, which clearly 
distinguishes it from the SM one. Though we do not know the mass of the Higgs boson in the 
SM, there are several indirect constraints leading to the lower boundary of m^ M > 135 GeV [40]. 
After including the radiative corrections, the mass of the lightest Higgs boson in the MSSM, 
mh, however increases. We consider it in more detail below. 

5.4 Renormalization group analysis 

To calculate the low energy values of the soft terms, we use the corresponding RG equations. 
The one-loop RG equations for the rigid MSSM couplings are [41] 



^ = hal t^lo S Q 2 /M 2 GUT 
-jj- = -Yl I y «3 + 3a 2 + — ai - 6Yu - Y D I , 

-Yd —a 3 + 3a 2 + — «i - Yu- 6Y D - Y L 



dt V 3 15 

dY L 



Y L 3d 2 + -fii - 3 Yd - 4Y L , (5.27) 



dt V 5 

where we use the notation a = a/Air = g 2 /16ir 2 , Y = y 2 /16ir 2 . 
For the soft terms one finds 



bsOLiMi. 



dMi 
~dT 

^ = ^-a 3 M 3 + 3d 2 M2 + ^a 1 M 1 + 6Y u A u + Y D AD, 
dt 3 15 

dA. X6 T 

— - = — 5 3 M 3 + 35 2 M 2 + — aiMi + 6Y D A D + Y V A V + Y L A L , 
dt 3 15 

— - = 3a 2 M 2 + la 1 M 1 + 3Y D AD + ^Y L A L , 
dt 5 
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dB 
dt 



dmfj 

dt 
dm 2 D 

dt 
dm\ 

dt 
dm 2 E 

dt 

d±j? 

dt 
dm 2 Hi 

dt 



dm H 2 

dt 



3a 2 M 2 + -diMi + SYuAu + 3Y D A D + Y L A L . 
5 

16 1 

— a 3 Ml + 3d 2 M 2 + — a x Ml ) - Y v (m 2 Q + m 2 v + m 2 H2 + A 2 V ) 

™2 



Y D {m z Q + mj) + m l Hx + Ajj) 



16 16 

(ya 3 M| + -aiM?) - 2Y C/ (™Q + ml + m^ 2 + A^) 

16 4 

(— d 3 M| + —a x Ml) - 2Y D (m 2 Q + m 2 D + m 2 Hl + A 2 D ) 

3(a 2 M 2 2 + idiMi 2 ) - Y L (m\ + m 2 E + m\ + A\) 
5 " 



.12 



diM 2 ) - 2Y L (m£ + m| + + A£) 



3(d 2 + -ai) - (3Y V + 3Y D + Y L ) 



3(& 2 M 2 2 + -aiMf ) - 3 Yd (mg + m D + + A|>) 



y L (m| + m^ + m^ + A£) 



3(a 2 M| + -aiMf) - 3Yfr(mJ + ml + m 2 H2 + A 2 



(5.28) 



Having all the RG equations, one can now find the RG flow for the soft terms. To see what 
happens at lower scales, one has to run the RG equations for the mass parameters in the opposite 
direction from the GUT to the EW scale. Let us take some initial values of the soft masses at 
the GUT scale in the interval between 10 2 -j- 10 3 GeV consistent with the SUSY scale suggested 



by unification of the gauge couplings (2.9). This leads to the following RG flow of the soft terms 



shown in Fig. 23 
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Figure 23: An example of evolution of sparticle masses and soft supersymmetry breaking pa- 
rameters m\ = m 2 H + /j 2 and m\ = m 2 H + fi 2 for low (left) and high (right) values of tan f3 
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One should mention the following general features common to any choice of initial conditions: 

i) The gaugino masses follow the running of the gauge couplings and split at low energies. 
The gluino mass is running faster than the others and is usually the heaviest due to the strong 
interaction. 

ii) The squark and slepton masses also split at low energies, the stops (and sbottoms) being 
the lightest due to relatively big Yukawa couplings of the third generation. 

iii) The Higgs masses (or at least one of them) are running down very quickly and may even 
become negative. 

To calculate the masses one has also to take into account the mixing between various states 
(see eqs. (|5lQjpli p^ - p^l ). 

Numerical solutions allow one to understand the significance of different initial conditions for 
the evolution down to low energies. As an example we present below the results of a numerical 
solution to the RG equations for the soft terms in the case of low values of tan (3. In this 
case, one can ignore the bottom and tau Yukawa couplings and keep only the top one. Taking 
M GUT = 2.0- 10 16 GeV, a(M GUT ) ps 1/24.3, Y t (M GUT ) ^ a(M GUT ), tanj3 = 1.65, one gets the 
following numerical results 



M 3 
M 2 
Mi 

A t 



™E R 
™2 



™2 



1>L 
™2 



m 



t R 
z,2 



m t L 

m\ 
m\ 



(M z ) 
(Mz) 
(Mz) 
(M z ) 
{Mz) 
(M z ) 
{M z ) 
(M z ) 
{M z ) 
{Mz) 
{M z ) 
{M z ) 
{M z ) 
{M z ) 
{M z ) 
{M z ) 
{M z ) 
{M z ) 



2.7 mi/2, 
0.8 m 



1/2) 

0.4 mi/2, 
0.63 no, 

0.009 A t (0) - 1.7 m 1/2 , 
ml + 0.52 m\ /2 - 0.27 cos(2/?)M|, 
ml + 0.52 m\ j2 + 0.5 cos(2/3)M|, 
ml + 0.15 m\ /2 - 0.23 cos(2/3)Aff , 
ml + 6.6 m\ /2 + 0.35 cos(2/?)M§, 
ml + 6.6 m\ /2 - 0.42 cos(2/3)M|, 
ml + 6.2 m\ /2 + 0.15 cos(2/3)M|, 
ml + 6.1 m\ /2 - 0.07 cos(2/3)M|, 



™Db> 
™2 



^-0.48 mg-1.21 m? /2 , 
mfj R - 0.96 ml - 2.42 



1/2' 



0.48 ml - 1.21 m 2 1/2 , 



m^ + 0.40 /ig + 0.52 m\ /2 , 



-0.44 ml + 0.40 (j% - 3.11 m? /2 - 0.09 A m 1/2 - 0/02 ^ 



Typical dependence of the mass spectra on the initial conditions (mo) is a ls° shown in Fig.p4| 
J42[| . For a given value of m\i 2 the masses of the lightest particles are practically independent of 
mo, while the heavier ones increase with it monotonically as it follows also from the numerical 
solutions given above. One can see that the lightest neutralinos and charginos as well as the 
stop squark may be rather light. 
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5.5 Radiative electroweak symmetry breaking 

The running of the Higgs masses leads to the phenomenon known as radiative electroweak sym- 
metry breaking. By this we mean the following: at the GUT energy scale both the Higgs mass 
parameters mf and m\ are positive, and the Higgs potential has no nontrivial minima. However, 
when running down to the EW scale due to the radiative corrections they may change the sign so 
that the potential develops a nontrivial minimum. At this minimum the electroweak symmetry 
happens to be spontaneously broken. Thus, contrary to the SM, where one has to choose the 
negative sign of the Higgs mass squared "by hand", in the MSSM the effect of spontaneous 
symmetry breaking is triggered by the radiative corrections. 

Indeed, one can see in Fig.p| that m\ (or both nv\ and m?,) decreases when going down 



from the GUT scale to the Mz scale and can even become negative. This is the effect of the 
large top (and bottom) Yukawa couplings in the RG equations. As a result, at some value of 
Q 2 the conditions (|5^20| ) are satisfied, so that the nontrivial minimum appears. This triggers 
spontaneous breaking of the SU(2) gauge invariance. The vacuum expectations of the Higgs 
fields acquire nonzero values and provide masses to quarks, leptons and SU(2) gauge bosons, 
and additional masses to their superpartners. 

In this way one also obtains the explanation of why the two scales are so much different. 
Due to the logarithmic running of the parameters, one needs a long "running time" to get 
m\ (or both m\ and m 2 .) to be negative when starting from a positive value of the order of 
Msusy ~ 10 2 -f- 10 3 GeV at the GUT scale. 

6 Constrained MSSM 

6.1 Parameter space of the MSSM 

The Minimal Supersymmetric Standard Model has the following free parameters: 
• Three gauge couplings Oj. 
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• The matrices of the Yukawa couplings y l ab , where i = L,U,D. 

• The Higgs field mixing parameter [i. 

• The soft supersymmetry breaking parameters. 

Compared to the SM there is an additional Higgs mixing parameter, but the Higgs self-coupling, 
which is arbitrary in the SM, is fixed by supersymmetry. The main uncertainty comes from the 
unknown soft terms. 

With universality hypothesis one is left with the following set of 5 free parameters defining 
the mass scales 

fi, mo, mi/ 2 , A and B. 

Parameter B is usually traded for tan /3, the ratio of the v.e.v.s of the two Higgs fields. 

In particular models, like in SUGRA or gauge and anomaly mediation, some of soft parame- 
ters may be related to each other. However, since the mechanism of SUSY breaking is unknown, 
in what follows we consider them as free phenomenological parameters to be fitted by exper- 
iment. The experimental constraints are sufficient to determine these parameters, albeit with 
large uncertainties. The statistical analysis yields the probability for every point in the SUSY 
parameter space, which allows one to calculate the cross sections for the expected new physics 
of the MSSM at the existing or future accelerators (LEP II, Tevatron, LHC). 

While choosing parameters and making predictions, one has two possible ways to proceed: 

i) take the low-energy parameters as input, impose the constraints, define the allowed pa- 
rameter space and calculate the spectrum and cross-sections as functions of these parameters. 
They might be the superparticle masses m t i,rht2,mA, tan/3, mixings X stop ,ii, etc. 

ii) take the high-energy parameters as input, run the RG equations, find the low-energy 
values, then impose the constrains and define the allowed parameter space for initial values. 
Now the calculations can be carried out in terms of the initial parameters. They might be, for 
example, the above mentioned 5 soft parameters. 

Both the ways are used in a phenomenological analysis. We show below how it works in 
practice. 



6.2 The choice of constraints 

Among the constraints that we are going to impose on the MSSM model are those which follow 
from the comparison of the SM with experimental data, from the experimental limits on the 
masses of as yet unobserved particles, etc, and also those that follow from the ideas of unification 
and from SUSY GUT models. Some of them look very obvious while the others depend on a 
choice. Perhaps, the most remarkable fact is that all of them can be fulfilled simultaneously. 
The only model where one can do it is proved to be the MSSM. 

In our analysis we impose the following constraints on the parameter space of the MSSM: 

• Gauge coupling constant unification; 

This is one of the most restrictive constraints, which we have discussed in Sect 2. It fixes the 
scale of SUSY breaking of an order of 1 TeV. 

• Mz from electroweak symmetry breaking; 

Radiative corrections trigger spontaneous symmetry breaking in the electroweak sector. In this 
case, the Higgs potential does not have its minimum for all fields equal to zero, but the minimum 



is obtained for nonzero vacuum expectation values of the fields. Solving Mz from eq.( |5.19[ ) yields 



M| = 2 m?-m|tan^ 

z tan 2 P-l y 1 
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To get the right value of Mz requires proper adjustment of parameters. This condition deter- 
mines the value of /j, for given values of tjiq and fn\i2- 

• Yukawa coupling constant unification; 
The masses of top, bottom and r can be obtained from the low energy values of the running 
Yukawa couplings 



m t = Vt v sin /3, nib = Db v cos (3, m T = y T v cos 0. 



(6.2) 



Eq. (|6.2D is written for the so-called running masses. They can be translated to the pole masses 
with account taken of the radiative corrections. For the pole masses of the third generation the 



following values are taken [43], |y 



M t = 174.3 ± 5.1 GeV/c 2 , 
M b = 4.94 ± 0.15 GeV/c 2 , 
M T = 1.7771 ±0.0005 GeV/c 2 . 



(6.3) 



The requirement of bottom-tau Yukawa coupling unification strongly restricts the possible 
solutions in mt versus tan [5 plane M4 



as it can be seen from Fig. 25 




1 



10 



tan |3 



Figure 25: The upper part shows the top quark mass as a function of tan/3 for uiq = 600 GeV, 
m i/2 = 400 GeV. The middle part shows the corresponding values of the Yukawa couplings at 
the GUT scale and the lower part of the x 2 values. 
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• Branching ratio BR(b — ► 57); 

The branching ratio BR(b — > 57) has been measured by the CLEO |5(| collaboration and later 
by ALEPH g|] and yields the world average of BR(b -» 57) = (3.14±0.48)-1(T 4 . The Standard 
Model contribution to this process comes from the W — t loop and gives a prediction which is 
very close to the experimental value leaving little space for SUSY. In the MSSM, this flavour 
changing neutral current (FCNC) receives additional contributions from the — t, x^ 1 — t and 
g — q loops. The x° — t loops are much smaller [52, 53] . In the leading order, SUSY contribution 
may be rather big, exceeding the experimental value by several standard deviations. However, 
the NLO corrections are essential. 

This requirement imposes severe restrictions on the parameter space, especially for the case 
of large tan (5. 

• Experimental lower limits on SUSY masses; 

SUSY particles have not been found so far and from the searches at LEP one knows the lower 
limit on the charged lepton and chargino masses of about half of the centre of mass energy p4fl . 
The lower limit on the neutralino masses is smaller. The lower limit on the Higgs mass is roughly 
given by the c.m.e. minus the Z-boson mass. These limits restrict the minimal values for the 
SUSY mass parameters. There exist also limits on squark and gluino masses from the hadron 



colliders [55], but these limits depend on the assumed decay modes. Furthermore, if one takes 
the limits given above into account, the constraints from the limits on all other particles are 
usually fulfilled, so they do not provide additional reductions of the parameter space in the case 
of the minimal SUSY model. 

• Dark Matter constraint; 
Abundant evidence of the existence of nonrelativistic, neutral, nonbaryonic dark matter exists 



in our Universe 56, 57]. The lightest supersymmetric particle (LSP) is supposedly stable and 
would be an ideal candidate for dark matter. 

The present lifetime of the universe is at least 10 10 years, which implies an upper limit on 
the expansion rate and correspondingly on the total relic abundance. Assuming ho > 0.4 one 
finds that the contribution of each relic particle species x has to obey |37]] 

n x h 2 < 1, 

where fl x h 2 is the ratio of the relic particle density of particle x an d the critical density, which 
overdoses the Universe. This bound can only be met, if most of the LSP's annihilated into 
fermion-antifermion pairs, which in turn would annihilate into photons again. 

Since the neutralinos are mixtures of gauginos and higgsinos, the annihilation can occur both, 
via s-channel exchange of the Z° and Higgs bosons and t-channel exchange of a scalar particle, 
like a selectron f58|] . This constrains the parameter space, as discussed by many groups |5^|-|]62|. 

• Proton life-time constraint; 
There are two sources of proton decay in SUSY GUTs. The first one is the same as in non-SUSY 
theories and is related to the s-channel exchange of heavy gauge bosons. To avoid contradiction 
with experiment, the unification scale has to be above 10 15 GeV which is usually satisfied in any 
SUSY GUT. 

The second source is more specific to SUSY models. The proton decay in this case takes 
place due to the loop diagrams with the exchange of heavy higgsino triplets. The preferable 
decay mode in this case is p —* vK or p —* fjrK instead of p — * e + ir in non-SUSY GUTs. The 
decay rate in this case depends on a particular GUT model and it is not so easy to satisfy the 
experimental requirements. 

Having in mind the above mentioned constraints one can try to fix the arbitrariness in the 
parameters. In a kind of a statistical analysis, in which all the constraints are implemented in a 
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X 2 definition, one can find the most probable region of the parameter space by minimizing the 



function. For the purpose of this analysis the following \ 2 definition is used [39]: 



X 
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(M 



(rriLSP ~ n 1 



x) 



a 



(for M < M exp ) 
(for rriLSP charged). 



LSP 



The first six terms are used to enforce gauge coupling unification, electroweak symmetry break- 
ing and b — t Yukawa coupling unification, respectively. The following two terms impose the 
constraints from b — > and the relic density, while the last terms require the SUSY masses to 
be above the experimental lower limits and the lightest supersymmetric particle (LSP) to be a 
neutralino since a charged stable LSP would have been observed. The input and fitted output 
variables have been summarized in Table |l[ 



exp. input data 




Fit parameters 


low tan/3 


high tan/3 


ai,a 2 , a 3 




MgUT, OiGUT 


MgUT, OiGUT 


m t 




VO v° — v° 

I t 1 1 b — I T 


Y t ° = Y° = Y? 


m b 


minimize 


m ,m 1/2 




m T 


x 2 


tan/3 


tan [3 


M z 




A* 




b — > 57 




(Ao) 




^universe 









Table 1: Summary of fit input and output variables. 

The five-dimensional parameter space of the MSSM is big enough to be represented in a two- 
or three-dimensional picture. To make our analysis more clear, we consider various projections 
of the parameter space. 

We first choose the value of the Higgs mixing parameter [i from the requirement of radiative 
EW symmetry breaking, then we take the values of tan (5 from the requirement of Yukawa cou- 
pling unification (see Fig.|25|). One finds two possible solutions: low tan j3 solution corresponding 
to tan/? ~ 1.7 and high tan/? solution corresponding to tan/3 ~ 30 4- 60. In what follows, we 
refer to these two solutions as low and high tan (3 scenarios, respectively. 

What is left are the values of the soft parameters A, rriQ and m\i2- However, the role 
of the trilinear coupling A is not essential since at low energies it runs to the infra-red fixed 
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point and is almost independent of initial conditions. Therefore, imposing the above-mentioned 
constraints, the parameter space of the MSSM is reduced to a two dimensional one. In what 
follows, we consider the plane mo,m^2 and find the allowed region in this plane. Each point 
at this plane corresponds to a fixed set of parameters and allows one to calculate the spectrum, 
the cross-sections and other quantities of interest. 

We present the allowed regions of the parameter space for low and high tan f3 scenarios 
in Fig. 26. This plot demonstrates the role of various constraints in the x 2 function. The 



contours enclose domains by the particular constraints used in the analysis j63|. In case when 



low tanP high tanp 




200 400 600 800 1000 200 400 600 800 1000 

m [GeV] m Q [GeV] 



Figure 26: The ^-distribution for low and high tan j3 solutions. The different shades in the 
projections indicate steps of Ax 2 = 4, so basically only the light shaded region is allowed. The 
stars indicate the optimum solution. Contours enclose domains by the particular constraints 
used in the analysis. 

the requirement of the b — ► S7 decay rate is not taken into account (due to uncertainties of the 
high order contributions), the allowed region of parameter space becomes much wider, as it is 
illustrated in Fig.^7[ Now much lower values of mo and m^ 2 are allowed which lead to lower 
values of sparticle masses. 



6.3 The mass spectrum of superpartners 

When the parameter set is fixed, one can calculate the mass spectrum of superpartners. Below 
we show the set of parameters and the predicted mass spectrum corresponding to the best fit 
values indicated by stars in Fig. 26 |39]. 
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tanp=1.65 



tanp=35 




500 1000 500 1000 



m [GeV] 

Figure 27: The same as Fig.E(| but with the b — » 57 constraint released with account taken of 
the higher order corrections |5J]. 



Fitted SUSY parameters 


Symbol 


low tan (3 


high tan f3 


tan f3 


1.71 


35.0 


m 


200 


600 


mi/2 


500 


400 


n(o) 


1084 


-558 


A(0) 








1/aGUT 


24.8 


24.8 


Mgut 


1.6 10 16 


1.6 10 16 



Table 2: Values of the fitted SUSY parameters for low and high tan (5 (in GeV, when applicable). 



To demonstrate the dependence of masses of the lightest particles on the choice of parameters, 
we show below in Figs. 28, 2^ their values in the whole 7710,^1/2 plane for the case of low and 
high tan/3 solutions, respectively Q. One can see that the masses of gauginos (charginos and 
neutralinos) and Higgses basically depend on mi/2, while those of squarks and sleptons on mo. 
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SUSY masses in [GeV] 


Symbol 


low tan (3 


high tan (3 


y9(B) Y%(W 3 ) 
A.l\ 1J )i A2l KK ) 


214, 413 


170 322 


/V. v sV-*- J -i/;/V4\ Z/ 


1028, 1016 


481, 498 


vffp^), y£ (H*) 


413, 1026 


322, 499 


9 


1 1 ^ 

1 LOO 


aOV 




oUo, ZI\J 


DDo, DZ1 


V L 




\jOO 


n t n n 


1098 936 


1 040 1 01 


h, f 2 


279, 403 


537, 634 


h, b 2 


953, 1010 


835, 915 


ti, t 2 


727, 1017 


735, 906 


h, H 


95, 1344 


119, 565 


A, H ± 


1340, 1344 


565, 571 



Table 3: Values of the SUSY mass spectra for the low and high tan j3 solutions given in Table |. 
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Figure 28: The masses of the lightest particles in the CMSSM for the low tan (3 scenario. The 
contours show the fixed mass values of the corresponding particles. 
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tanp=35 






Figure 29: The masses of the particles and the Higgs mixing parameter [i for tan (3 = 35, \i < 0. 
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6.4 Experimental signatures at e + e colliders 

Experiments are finally beginning to push into a significant region of supersymmetry parameter 
space. We know the sparticles and their couplings, but we do not know their masses and mixings. 
Given the mass spectrum one can calculate the cross-sections and consider the possibilities of 
observing new particles at modern accelerators. Otherwise, one can get restrictions on unknown 
parameters. 

We start with e + e~ colliders and, first of all, with LEP II. In the leading order creation 
of superpartners is given by the diagrams shown in Figjl^ above. For a given center of mass 
energy the cross-sections depend on the mass of created particles and vanish at the kinematic 
boundary. For a sample example of cm. energy of LEP II equal to 183 GeV, they are shown at 
Fig.0 

SUSY Cross Sections 

n 9 
a. 

7 
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3 
2 
1 
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mass (GeV) 



Vs=183 GeV 




Figure 30: The cross-section of sparticle production at LEP II as functions of sparticle masses 



Experimental signatures are defined by the decay modes which vary with the mass spectrum. 
The main ones are summarized below. 



Production 
• Il,rIl,r 



vv 

xtxt 



Key Decay Modes 



If 



xt 
xt 
xt 

xt 



* I Xi \ cascade 

* ' X? y decays 

i±xl 

-> Xi^, XiQQ' 

- x\ff 

-> Wi IviXi 
-> vj, -> vilxi 



Signatures 

acomplanar pair of 
charged leptons + j^T 

'r 



isolated lepton + 2 jets + 
pair of acomplanar 
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2 b jets + j£ T 
2 b jets + 2 leptons + ^ T 
2 b jets + 2 jets + j/j T 

A characteristic feature of all possible signatures is the missing energy and transverse momenta, 
which is a trade mark of a new physics. 

Numerous attempts to find superpartners at LEP II gave no positive result thus imposing 



the lower bounds on their masses [54]. They are shown on the parameter plane in Figs. 31. 32 
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Figure 31: The excluded region in chargino-slepton and chargino-stop mass plane 

In the case of stop masses, the result depends on the stop mixing angle 0+ calculated from 
the stop mixing matrix. It defines the mass eigenstates basis t\ and t% 

I cos &i sin 4 ~ 
I — sin 0£ cos 0j 

Nonobservation of charginos at the maximal LEP II energy defines the lower limit on chargino 
masses as shown in Fig. 32 [54|. 

Typical LEP II limits on the masses of superpartners are 

m x o > 40 GeV m~ eL R > 105 GeV m- t > 90 GeV 

m x ± > 100 GeV rnp, L R > 100 GeV m~ h > 80 GeV (6.5) 
m fr D > 80 GeV 
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Preliminary DELPHI LSP limit at 189 GeV 
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Figure 32: Cross section of chargino production at LEP and experimental limits on chargino 
mass 



6.5 Experimental signatures at hadron colliders 

Experimental signatures at hadron colliders are similar to those at e + e~ machines; however, here 
one has much wider possibilities. Besides the usual annihilation channel identical to e + e~ one 
with the obvious replacement of electrons by quarks (see FigJ3*|), one has numerous processes 



of gluon fusion, quark-antiquark and quark-gluon scattering (see Fig. 34). 




S ± (^) 




Figure 33: Annihilation channel 

The final states depend on gluino decay modes. If squarks are heavier, i.e. m g - > m§, then 
the main gluino decay modes are 

otherwise gluino can decay into quarks and squarks with further decay of the latter. 
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Figure 34: Gluon fusion, qq scattering, quark-gluon scattering 



Experimental SUSY signatures at the Tevatron (and LHC) are 



Production 



Key Decay Modes 



Signatures 
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Single lepton + + {jets) 



Note again the characteristic missing energy and transverse momenta events. 

Contrary to e + e~ colliders, at hadron machines the background is extremely rich and essen- 
tial. 



6.6 The lightest superparticle 

One of the crucial questions is the properties of the lightest superparticle. Different SUSY 
breaking scenarios lead to different experimental signatures and different LSP. 

• Gravity mediation 

In this case, the LSP is the lightest neutralino x\i which is almost 90% photino for a low 
tan/3 solution and contains more higgsino admixture for high tan/3. The usual signature for 
LSP is missing energy; Xx ^ s stable and is the best candidate for the cold dark matter in the 
Universe. Typical processes, where the LSP is created, end up with jets + ^t, or leptons + jtx, 

or both jest + leptons + ^t- 

• Gauge mediation 

In this case the LSP is the gravitino G which also leads to missing energy. The actual 
question here is what the NLSP, the next lightest particle, is. There are two possibilities: 

i) Xx ^ s the NLSP. Then the decay modes are 

X? - 76, hG, ZG. 

As a result, one has two hard photons + j^T, or jets + j&T- 

ii) Ir is the NLSP. Then the decay mode is Ir — ► tG and the signature is a charged lepton 
and the missing energy. 

• Anomaly mediation 

In this case, one also has two possibilities: 

i) x? is the LSP and wino-like. It is almost degenerate with the NLSP. 

ii) vl is the LSP. Then it appears in the decay of chargino x + —> vl and the signature is the 
charged lepton and the missing energy. 

• R-parity violation 

In this case, the LSP is no longer stable and decays into the SM particles. It may be charged 
(or even colored) and may lead to rare decays like neutrinoless double /3-decay, etc. 

Experimental limits on the LSP mass follow from non-observation of the corresponding 
events. Modern low limit is around 40 GeV (see Fig.|35|). 
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Preliminary DELPHI LSP limit at 189 GeV 
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Figure 35: The LSP mass limits within the MSSM [5 



7 The Higgs boson in the SM and the MSSM 

One of the hottest topics in the SM now is the search for the Higgs boson. It is also a window to 
a new physics. Below we consider the situation with the Higgs boson search and the properties 
of the Higgs boson in the MSSM. 



7.1 Allowed mass range in the SM 

The last unobserved particle from the Standard Model is the Higgs boson |6f|. Its discovery 
would allow one to complete the SM paradigm and confirm the mechanism of spontaneous 
symmetry breaking. On the contrary, the absence of the Higgs boson would awake doubts about 
the whole picture and would require new concepts. 

Experimental limits on the Higgs boson mass come from a direct search at LEP II and 
Tevatron and from indirect fits of electroweak precision data, first of all from the radiative 
corrections to the W and top quark masses. A combined fit of modern experimental data 
gives 66] 

(7.1) 



m h = 90±|| GeV, 



which at the 95% confidence level leads to the upper bound of 200 GeV (see Fig j3q) . At the 
same time, recent direct searches at LEP II for the cm. energy of 209 GeV give the lower limit 
of 113.4 GeVlfjtfl. From a theoretical point of view a low Higgs mass could be a hint for physics 
beyond the SM, in particular, for the super symmetric extension of the SM. 

Within the Standard Model the value of the Higgs mass is not predicted. However, one 
can get the bounds on the Higgs mass [40, |67f| . They follow from the behaviour of the quartic 



coupling which is related to the Higgs mass by eqs.( l~9j , i.l3j ) rn? h = 2\v and obeys the following 
renormalization group equation describing the change of A with a scale: 

= 16vr2 ( 6A2 + 6Ay * ~ 6y ' 4 + gaUge terms ) 
with t = ln(Q 2 //i 2 ). Here yt is the top-quark Yukawa coupling. 



(7.2) 
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Figure 36: The x 2 distribution as a function of the Higgs mass from the SM fit to the electroweak 
precision observables and the top mass. The shaded area is excluded by the direct searches. 



Since the quartic coupling grows with rising energy infinitely and reaches the Landau pole, 
the upper bound on follows from the requirement that the theory be valid up to the scale 



Mpi anc k or up to a given cut-off scale A below Mpi anc k [ 40 1 . The scale A could be identified 
with the scale at which the Landau pole develops. The upper bound on depends mildly on 
the top-quark mass through the impact of the top-quark Yukawa coupling on the running of the 
quartic coupling A in eq.([7.2|). 




A > 




Figure 37: The shape of the Higgs potential 
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On the other hand, the requirement of vacuum stability in the SM (positivity of A) imposes 
a lower bound on the Higgs boson mass, which crucially depends on both the top-quark mass 
and the cut-off A |4C, 57|. Again, the dependence of this lower bound on mt is due to the effect 
of the top-quark Yukawa coupling on the quartic coupling in eq. (|7.2|) , which drives A to negative 
values at large scales, thus destabilizing the standard electroweak vacuum (see Figs.|37|), 

From the point of view of LEP and Tevatron physics, the upper bound on the SM Higgs boson 
mass does not pose any relevant restriction. The lower bound on rrih, instead, is particularly 
important in view of the search for a Higgs boson at LEP II and Tevatron. For mt ~ 174 GeV 
and a s (Mz) = 0.118 the running of the Higgs quartic coupling is shown in Fig.|38|. The results 
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Figure 38: The running of the Higgs quartic coupling. Numbers shown above the lines indicate 
the value of the Higgs mass in GeV. 



at A = 10 19 GeV or at A = 1 TeV can be given by the approximate formulae |37] 

~a s (M z )- 0.118 



m h > 135 + 2.1[m t - 174] - 4.5 
m h > 72 + 0.9[m t - 174] - 1.0 



0.006 
a s {M z ) -0.118 
0.006 



A = 10 19 GeV, 
A = 1 TeV, 



(7.3) 
(7.4) 



where the masses are in units of GeV. 

Fig. 39 pq] shows the perturbativity and stability bounds on the Higgs boson mass of the 



SM for different values of the cut-off A at which new physics is expected. We see from Fig. 39 
and eqs. (7.3,^4) that indeed for mt ~ 174 GeV the discovery of a Higgs particle at LEP II 
would imply that the Standard Model breaks down at a scale A well below Mqut or Mpi anc k, 
smaller for lighter Higgs. Actually, if the SM is valid up to A ~ Mqut or Mp; anc fc, for m t ~ 174 
GeV only a small range of values is allowed: 134 < m^ <~ 200 GeV. For mj = 174 GeV and 
m^ < 100 GeV [i.e. in the LEP II range] new physics should appear below the scale A ~ a few 
to 100 TeV. The dependence on the top-quark mass however is noticeable. A lower value, mt — 
170 GeV, would relax the previous requirement to A ~ 10 3 TeV, while a heavier value mt — 180 
GeV would demand new physics at an energy scale as low as 10 TeV. 
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Figure 39: Strong interaction and stability bounds on the SM Higgs boson mass. A denotes 
the energy scale up to which the SM is valid. 



7.2 SM Higgs production at LEP 



The dominant mechanism for the Higgs boson production at LEP is the Higgsstrahlung. The 
Higgs boson is produced together with the Z° boson. A small contribution to the cross section 



comes also from the WW- and ZZ- fusion processes (see Fig. 40). The cross section depends on 




W+ 



z 
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Figure 40: SM Higgs production at LEP: Higgsstrahlung (above) and WW- and ZZ- fusion 
(below) 



the Higgs boson mass and decreases with increase of the latter. On the other hand, it grows 



with the centre of mass energy, as shown in Fig. 41 [69]. Kinematic limit on the Higgs production 
is given by the cm. energy minus the Z-boson mass. 
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Figure 41: The cross section of the Higgs production at LEP II 



However, one of the main problems is to distinguish the final products of the Higgs boson 
decay from the background, mainly the ZZ pair production. The branching ratios for the 
Higgs boson decay are shown in Fig. 42. The Z boson has the same decay modes with different 
branchings. In the final states, one has either four hadronic jets, or two jets and two leptons, or 



HZ final states (Higgsstrahlung production) 





Figure 42: The final states of the Higgs boson decay with the branching ratios 



62 




Figure 43: Typical four jet event 



four leptons. The most probable is the four jet configuration, which is the most difficult from 
the point of view of unwanted background. A two-jet and two-lepton final state is more clean 
though less probable. 

Attempts to find the Higgs boson have not met success so far. All the data are consistent 
with the background. An interesting four-jet event is shown in Figji^ and is most likely a ZZ 
candidate |7(J. A reconstructed invariant mass of two jets does not show noticeable deviation 
from background expectation. For the 68.1 background events expected, there are 70 events 



observed. The reconstructed Higgs mass for four-jet events is shown in Fig. 44. At this kind of 
plots the real Higgs boson should give a peak above the background, as is shown for a would be 



Higgs mass of 110 GeV in Fig.g| |0|. 

Combined results from four LEP collaborations (ALEPH, DELPHI, L3 and OPAL) in the 
energy interval y/s = 200 — 210 GeV allow one to get a lower limit on the Higgs mass. As it 



follows from Fig, 45, at the 95% confidence level it is 66] 



m h > 113.3 GeV/c 2 



C.L. 



(7.5) 



Recent hot news from the LEP II accelerator show slight excess of events in hadronic channels. 
For the hard cuts keeping only "really good" events one can achieve the signal/background 
ratio of 2 with a few signal events indicating the 114 GeV Higgs boson (see Fig.|46|). Deviation 
from the background achieves 2.9 standard deviations and is better seen in the confidence level 



plots |70]]. There are also some events in leptonic channel [71|. However, statistics is not enough 
to make definite conclusions. 
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Figure 44: Reconstructed Higgs mass for four jet events. The peak shown in red corresponds to 
a would be Higgs boson with mass of 110 GeV 
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Figure 45: Combined Confidence Level plots for the Higgs searches at LEP 



7.3 The Higgs boson mass in the MSSM 

It has already been mentioned that in the MSSM the mass of the lightest Higgs boson is predicted 
to be less than the Z-boson mass. This is, however, the tree level result and the masses acquire 
the radiative corrections. 

With account taken of the radiative corrections, the effective Higgs bosons potential is 

VH f iL=Vtree + AV, (7.6) 
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Figure 46: Higgs Candidate for 114 GeV/c 2 



where Vt ree is given by eq.( |5.16| ) and in the one-loop order 

1 

64vr 2 



AV Uoap = E 7^2 ("l) Jfc (2^ + l)c k mi [log ^| - | 



(7.7) 



Here the sum is taken over all the particles in the loop, Jk is the spin and nik is the field 
dependent mass of a particle at the scale Q. 



The main contribution comes from the diagrams shown in Figj47|. These radiative corrections 
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Figure 47: Corrections to the Higgs boson self-energy from the top(stop) loops 
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vanish when supersymmetry is not broken and are positive in the softly broken case. They are 
proportional to the mass squared of top (stop) quarks and depend on the values of the soft 
breaking parameters. Contributions from the other particles are much smaller [72, 73, [74|]. The 
leading contribution comes from (s)top loops 



32tt 2 



m, (log 



Q 2 



) + <(iog^r 



3, 
2' 



2mf (log 



Q 2 



3> 
2' 



(7.8) 



These corrections lead to the following modification of the tree-level relation for the lightest 
Higgs mass 



ml 



M 2 Z cos 2 2f3 + 



3g 2 mt — ' — ' 



log 



m tl m t2 



(7.9) 



One finds that the one-loop correction is positive and increases the mass value. Two loop 
corrections have the opposite effect but are smaller and result in slightly lower value of the 



Higgs mass [75, 33, |7q| . 

To find out numerical values of these corrections, one has to determine the masses of all 
superpartners. Within the Constrained MSSM, imposing various constraints, one can define the 



tan (3 = 1.65, jlx < tan (3 = 1.65, jlx > 
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Figure 48: The mass of the lightest Higgs boson for the low tan/3 solution as a function of mo 
and mi/2- The contours at the upper plots correspond to fixed values of the Higgs mass. The 
lower plots demonstrate the saturation of the mass at high values of mass parameters. 
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allowed region in the parameter space and calculate the spectrum of superpartners and, hence, 
the radiative corrections to the Higgs boson mass (see Figs. 48, 4£). 

The Higgs mass depends mainly on the following parameters: the top mass, the squark 
masses, the mixing in the stop sector, the pseudoscalar Higgs mass and tan (3. As will be shown 
below, the maximum Higgs mass is obtained for large tan /?, for a maximum value of the top 
and squark masses and a minimum value of the stop mixing. 

Note that in the CMSSM the Higgs mixing parameter \x is determined by the requirement of 
EWSB, which yields large values for /i [ pSfl . Given that the pseudoscalar Higgs mass increases 
rapidly with fi, this mass is always much larger than the lightest Higgs mass and thus decouples. 
This decoupling is effective for all regions of the CMSSM parameter space, i.e. the lightest Higgs 
has the couplings of the SM Higgs within a few per cent. We present the value of the lightest 
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Higgs mass in the whole mo,wii/2 plane for low and high tan/3 solutions, respectively |5J] in 
Figs. 45, 4£. One can see that it is practically constant in the whole plane and is saturated for 
high values of mo and m^ 2 . 

The lightest Higgs boson mass is shown as a function of tan/? in Fig. 50 |34|. The shaded 
band corresponds to the uncertainty from the stop mass and stop mixing for mt = 175 GeV. 
The upper and lower lines correspond to m t =l70 and 180 GeV, respectively. 
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Figure 50: The mass of the lightest Higgs boson as a function of tan (3 



The parameters used for the calculation of the upper limit are: mt = 180 GeV, Aq = — 3too 
and mo = to 1/ / 2 = 1000 GeV. The lowest line of the same figure gives the minimal values of m^. 
For high tan /? the values of mt range from 105 GeV 125 GeV. At present, there is no preference 
for any of the values in this range but it can be seen that the 95% C.L. lower limit on the Higgs 
mass pq] of 113.3 GeV excludes tan/? < 3.3. 

In order to better understand the Higgs mass uncertainties, the relevant parameters were 
varied one by one. The largest uncertainty on the light Higgs mass originates from the stop 
masses. The Higgs mass varies between 110 and 120 GeV, if too and to^ are varied between 
200 and 1000 GeV, which implies stop masses varying between 400 and 2000 GeV. Since at 
present there is no preference for any of the values between 110 and 120 GeV, the variance for 
a flat probability distribution is 10/\/l2=3 GeV, which we take as an error estimate. 

The remaining uncertainty of the Higgs mass originates from the mixing in the stop sector 
when one leaves Aq as a free parameter. The mixing is determined by the off-diagonal element 
in the stop mass matrix Xt = At — fj,/ tan (5. Its influence on the Higgs mass is quite small in the 
CMSSM since the low energy value At tends to a fixed point so that the stop mixing parameter 
Xt = At — /x/tan/3 is not strongly dependent on Aq. Furthermore, the \x term is not important 
at large tan/3. If we vary Aq between ±3mo, the error from the stop mixing in the Higgs boson 
mass is estimated to be ±1.5 GeV. The values of too = = 370 GeV yield the central value 
of m h = 115 GeV. 



Given the uncertainty on the top mass of 5.2 GeV [43] leads to the uncertainty for the Higgs 
mass at large tan /? of ± 5 GeV. 



(38 



The uncertainties from the higher order calculations (HO) is estimated to be 2 GeV from a 
comparison of the full diagrammatic method [ 76 1 and the effective potential approach [fff| . So 
combining all the uncertainties discussed before the results for the Higgs mass in the CMSSM 
can be summarized as follows: 

• The low tan (3 scenario (tan (3 < 3.3) of the CMSSM is excluded by the lower limit on the 
Higgs mass of 113.3 GeV Joq ]. 

• For the high tan/3 scenario the Higgs mass is found to be in the range from 110 to 120 
GeV for mt = 175 GeV. The central value is found to be 

rrih = 115 ± 3 (stopmass) ± 1.5 (stopmixing) ± 2 (theory) ± 5 (topmass) GeV, (7.10) 



where the errors are the estimated standard deviations around the central value, 
prediction is independent of tan (3 for tan (3 > 20 and decreases for lower tan (3. 



This 



However, these SUSY limits on the Higgs mass may not be so restricting if non-minimal 
SUSY models are considered. In a SUSY model extended by a singlet, the so-called Next-to- 
Minimal model, eq.( |5.26| ) is modified and at the tree level the upper bound looks like (TtJ 



m 2 h ~ 



M§ cos 2 2(3 + A V sin 2 2/3, 



(7.11) 



where A is an additional singlet Yukawa coupling. This coupling being unknown brings us back 
to the SM situation, though its influence is reduced by sin 2(3. As a result, for low tan/3 the 



upper bound on the Higgs mass is slightly modified (see Fig. 51). 

Even more dramatic changes are possible in models containing non-standard fields at inter- 
mediate scales. These fields appear in scenarios with gauge mediated supersymmetry breaking. 
In this case, the upper bound on the Higgs mass may increase up to 155 GeV |F7j (the upper 
curve in Fig.[5l|), though it is not necessarily saturated. One should notice, however, that these 
more sophisticated models do not change the generic feature of SUSY theories, the presence of 
the light 
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Figure 51: Dependence of the upper bound on the lightest Higgs boson mass on tan (3 in MSSM 
(lower curve), NMSSM (middle curve) and extended SSM (upper curve) 
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7.4 Perspectives of observation 

LEP 



In the case of super symmetry, contrary to the SM, there are two competing processes for 
neutral Higgs production. Besides the usual Higgsstrahlung diagram there is also the pair pro- 
duction one when two Higgs bosons (the usual one and the pseudoscalar boson A) are produced. 
The cross-sections of these two processes are complimentary and related to the SM one by a 
simple formula (see Fig.^). Thus, the cross-section for Higgs production in the MSSM is usu- 
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Figure 52: MSSM Higgs production at LEP: complimentary diagrams 

ally lower than that of the SM. Therefore, searches for pair production are limited by a low 
cross-section rather than by a threshold (see Fig.|53|). 
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Figure 53: hA pair production cross section in fb as a function of and tan (5 

Non-observation of the Higgs boson at LEP in general gives lower bound on the Higgs boson 
mass than that in the SM. Modern experimental limits on the MSSM Higgs bosons are [p9] 



m h > 90.5 GeV/c 2 , m A > 90.5 GeV/c 2 



C.L. 



(7.12) 
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Figure 54: Excluded regions for the neutral Higgs bosons search in the MSSM in the no-mixing 

case 



However, for a heavy pseudoscalar boson A the second process is decoupled and one basically 
has the same production rate as in the SM. Therefore, in this case the SM experimental limit is 
applicable also to the MSSM. 

To present the result for the Higgs search in the MSSM, various variables can be used. The 
most popular ones are (m^m^), (m^, tan j3) and (m^,tan/3) planes. They are shown below in 
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Figure 55: Excluded regions for the neutral Higgs bosons search in the MSSM in the maximal 
mixing case 



Figs. 54-^5 for two particular cases: no-mixing and maximal mixing in the stop sector J66|| . For 
comparison the theoretically allowed regions are shown. One can see that 

a) low tan /3 solution (0.5 < tan /3 < 3.3) is already excluded; 

b) very small region for the lightest neutral Higgs boson mass is left (specially for the no- 
mixing case). 
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As it has been explained, in the MSSM one has also the charged Higgs bosons. The searches 
for the charged Higgs bosons are the attempts to look beyond the Standard Model. It is basically 
the same in the MSSM and in any two Higgs doublet model. The charged Higgs bosons are 
produced in pairs in an annihilation process like any charged particles. The couplings are the 
standard EW couplings and the only unknown quantity is the charged Higgs mass. However, the 
branching ratios for the decay channels depend on the mass and the model. A large background 
comes from the VF-pair production. Nonobservation of charged Higgs bosons at LEP gives the 



lower limit on their masses. The combined exclusion plot for various channels is shown in Fig. 56 
This imposes the absolute lower limit on the charged Higgs boson mass p9| 

m H ± > 77.5 GeV/c 2 @ 95% C.L. (7.13) 




Figure 56: Combined exclusion plot for the charged Higgs boson 



Tevatron and LHC 

With the LEP shut down, further attempts to discover the Higgs boson are connected with 
the Tevatron and LHC hadron colliders. 

Tevatron will start the Run II next year and will reach the cm. energy of 2 TeV with almost 
10 times greater luminosity than in RUN I. However, since it is a hadron collider, not the full 
energy goes into collision taken away by those quarks in a proton that do not take part in the 
interaction. Having a very severe background, this collider needs a long time of running to reach 
the integrated luminosity required for the Higgs discovery. A combined CDF/DO plot [78] shows 



the integrated luminosity at Tevatron as a function of the Higgs mass (see Fig]57|). The three 
curves correspond to 2a (95% confidence level), 3a and 5a signal necessary for exclusion, evidence 
and discovery of the Higgs boson, respectively. One can see that the integrated luminosity of 2 
fb , which is planned to be achieved at the end of 2001, will allow one to exclude the Higgs 
boson with the mass of an order of 115 GeV, i.e., just the limit reached by LEP. One will need 
RUN III to reach 10 fb" 1 to cover the most interesting interval, even at the level of exclusion 
(2a). 
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Higgs mass (GeV/c 2 ) 



Figure 57: Integrated luminosity needed for exclusion ((2a), evidence (3a) and discovery (5a) 
of the Higgs boson at Tevatron 




m A (GeV) 



Figure 58: Exclusion plots for LHC hadron collider for different Higgs decay modes 



To find the Higgs boson, one will need still greater integrated luminosity. The signatures 
of the Higgs boson are related to the dominant decay modes which depend on the mass of the 
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Higgs boson. In the Tevatron region they are 



H ->bb, 100 < m H < 140 GeV, 

H->WW*, 140 < m H < 175 GeV, (7.14) 
H^ZZ*, 175 < mu < 190 GeV. 

The LHC hadron collider is the ultimate machine for a new physics at the TeV scale. Its 
cm. energy is planned to be 14 TeV with very high luminosity up to a few hundred fb _1 . It is 
supposed to start operating in 2006. In principle, LHC will be able to cover the whole interval 
of SUSY and Higgs masses up to a few TeV. It will either discover the SM or the MSSM Higgs 



boson, or prove their absence. In terms of exclusion plots shown in Figs. 54, [5g the LHC collider 
will cover the whole region ||79[|. Various decay modes allow one to probe different areas, as 
shown in Fig.pl, though the background will be very essential. 



8 Conclusion 

LEP II has neither discovered the new physics, nor has proven the existence of the Higgs boson. 
However, it gave us some indication that both of them exist. Supersymmetry is now the most 
popular extension of the Standard Model. It promises us that new physics is round the corner 
at a TeV scale to be exploited at new machines of this decade. If our expectations are correct, 
very soon we will face new discoveries, the whole world of supersymmetric particles will show 
up and the table of fundamental particles will be enlarged in increasing rate. If we are lucky, 
probably we will soon have the table of sparticles in new addition of Sparticle Data Group (see 
Fig.[59]) Ipfj. This would be a great step in understanding the microworld. If not, still new 
discoveries are in agenda. 
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The SPDG is an international collaboration that reviews Sparticle 
Physics and related areas of Astrophysics, and compiles/analyzes 
data on particle properties. SPDG products are distributed to 
130,000 physicists, teachers, and other interested people. The 
Review of Sparticle Physics is the most cited pubEcation in 
particle physics during the last twenty years. Plots of SPDG 
statistics are available. 



Mrrorsites: USAfLBNLI Brazil CERN Italy (Geneva) Japan (KEK) Russia (Novosibirsk) Russia (Protvino) UK (Durham) 



Review of Sparticle Physics Charts. Educational materials. Sparticle Adventure Information and Databases 
US-HEPFOLK Sparticle Physics: Twenty Years of Discoveries Home Pages of major HEP labs 



The Review of Sparticle Physics 



CCasoetal. The European Physical Journal C103 (2018) 1 (2018 Authors) 



2019 
2019 

2018 



2019 Web update of Reviews. Tables. Plots 
2019 Web update of Sparticle Listings 

2018 Summary Tables and Conservation Laws 
2018 Reviews. Tables. Plots find. Intro. Text) 
2018 Sparticle Listings (published version) 



New November 2, 2019 
New July 6, 2019 



Superseded by 2019 Web Version 
Superseded by 2019 Web Version 



Errata (last changed January 18, 2020) 



Archived WWW editions: 2017 2016 2015 
Descriptions of the Summary Tables, Reviews, Listings, etc. 



Ordering information and list of products 



2018 Authors and Directory of Sparticle Data Group Authors. Associates, and Advisors 

Computer-readable files - masses, widths, cross-sections, etc., including Palm Pilot XXII files. 



Encoder tools (for SPDG collaborators) 



Figure 59: Foreseeable future: SParticle Data Group 
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